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Global Tomography with Irreguiar Paraineterisation
(Towards regionalised travel-time corrections I)

for body waves)

Olafur Gudmundsson
and

Malcolm Sambridge

Introduction

Global models of velocity heterogeneity have emerged in the past decade which show
significant deviations from spherical symmetry in Earth's structure. As the quality of
data and their coverage increases more detail is included in the models Global
models currently claim to resolve structures as small as 1000 km in lateral extent, but
regional models resolve structures to considerably smaller scales, i.e. a few hundred
kilometres. The strength of heterogeneity in the models, i.e. the peak-to-peak variation
of velocity, increases as more detail is included. The strength of heterogeneity in the
P-wave velocity field reaches ±5% at the top of the upper mantle at the scales which
are resolved regionally. It is clear that such strong heterogeneity will significantly
affect the travel times of the body-wave phases most commonly used in earthquake
location. Accounting for this effect can therefore significantly improve the quality of p 0
event location which is of obvious importance for nuclear monitoring.

It is clear from models derived from body waves and surface waves that the level
of velocity heterogeneity in the Earth varies dramatically with depth and is strongly
concentrated in the top 300-400 km (e.g. Gudmundsson et al. [1990]). Most of the
effect of structure on travel times is therefore due to structures at relatively shallow
depth through which teleseismic body waves have a relatively simple ray geometry

* I (steep). The image of upper mantle heterogeneity that has emerged is one that clearly
correlates with the overall tectonic processes on the surface. Young oceanic regions
have a low velocity as do regions beneath tectonically active continents, while old oce-
anic regions and old stable continents are underlain by a mantle of high velocity.

. Accounting for the effects of velocity heterogeneity on travel times and thus

event location must include the main features of the velocity structure and remain a
simple procedure in order to be implementable. We attempt to meet these prere-
quisites with the following strategy: 0

We use the higl, level of correlation of global velocity models with surface tec-

tonics to define the main features of Earth structure. A detailed regionalisation
defines irregularly shaped bodies on the Earth's surface which in turn define
discrete model parameters. With irregular sampling of the regionalisation we can
represent irregular bodies and variable scales. The sampling is dense where
needed (continental margins, island arcs and tectonic continent), and sparse where

that suffices (intraregional, oceanic).

i '.1

"* , S S S 0 5 0 e *



-2 -

We use Delaunay tesselation and Voronoi cells around each sample of the region-
alization to define discrete regions belonging to the various tectonic types. This
allows us to collaps the number of parametres needed tp represent the complex
regions significantly. Efficient algorithms are available for navigation and book
keeping in an iinegular grid (Delaunay tetrahedra or Voronoi cells) (Sambridge et
al., 1995).

We use a select data set of travel times from well located events and nuclear
explosions in order to alleviate the mapping of mislocation into structure. We
invert these, data for an irregularly parameterised, regionalised upper-mantle
model (RUM). Our objective is not to find the best possible model, but to find
the simplest model that still contains enough information about structure to be
useful for generating corrections to travel times used in event location.

Teleseismic travel times can then be corrected for this model by a relatively Sim-n
pIe look-up table based on a tabulation of the tectonic regions in which stations
and events fall.

Method

Figure 1 shows our regionalisation. It is primarily bsed on maps published by
Sciater et al. (1980) and Jordan's (1981) ORTi regionalization, but also incorporates
information from e.g. Miyashiro et al. (1982). Eight tectonic regions are defined. The
ocean is divided into three age provinces, the same as the GRTI gionalization of Jor-
dan [1981Y. This regionalization has a resolution of two degrees compared to five
degrees in GRTI. The continents are divided into 5 regions according to age, four
regions of low volcanic and earthquake activity, in addition to a region termed tectonic
continent where activity is high. We have termed the regions Young Continent,
Intermediate-age Continent, Old Continent and Ancient Continent The chosen age
boundaries are listed in Figure 1 and were selected by comparing the age zonation of
the continents with tomographic images of the upper mantle (e.g. Woodhuuse and
Dziewonski, 1984). We have perhaps unconventionally termed the Iceland-Faeroe-
Greenland ridge continental because of its highly anomalous crustal thickness for oce-
anic crust (25-35 km according to Bott and Gunnarson, 1980).

'Fhe regionalization is reprerented by 16200 paarameters. Roughly a quarter of
those are selected to paramecerise the boundaries between the regions (4100 parame-
ters). The boundaries are all parameterised with a two-degree resolution except the
boundaries between oceanic regions. Thus, the density of parameterisation is high
where we expect potential sharp contrasts, i.e. continental margins and boundaries
between tectonic and atectonic regions, and low where we don't, i.e. within the oceans.
Figure 2a shows the Voronoi cells around the selected samples of the regionalization.
The figure contains about 4100 Vorcnoi cells. We reproduce the full complexity of
the regionalization in Figure 1 with only about a quarter of the number of parameters
in the original (see Figure 2b). Each Voronoi cell is taken to encompass a region of

uniform velocity at each depth. The regionalization is extended from the surface to a
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depth of 660 km to span the whole of the upper mantle.

Subducting slabs are significant structures in the upper mantle which are clearly
oblique and cannot be included in a two-dimensional regionalization as above. Most
of the earths seismicity occurs in or around subducting slabs. Slabs are thus likely to
strongly affect travel times in general. We have included oblique slab structures in our
parameterization of the upper mantle as the ninth region. First we contoured slab-
related seimicity world wide. Examples of slab contoures are presented in Figure 3a
for the slabs of the northwest Pacific and the Tonga/Kermadec slab. The contours are
drawn at fifty km depth intervals and such that they lie near the top of the seismogenic
region. We( used the relocated NEIC catalog of Engdahl, van der Hilst and Buland to
define the seismicity. The catalog is not complete and contains significant gaps which
are difficult to interpret. Such gaps are not interpolated if they exceed a few hundred
km in size. The slab contours obviously do not define a slab where there is no seismi-
city. It is difficult to invisage the thermal anomaly of a subducting slab to terminate
as abruptly as the seismicity in many places. Thus our model of slabs is likely to be
incomplete. However. slabs are defined where we most need them, i.e. where the
earthquakes occur for which travel-time corrections are needed.

The slab contours define a surface when interpolated which we take to define the
Stop of the slab (or what used to be the top of the oceanic lithosphere before subduc-

tion). We then define a complimentary surface assuming the slab is 200 km thick.
This is a simplification of slab geometry, particularly at depth. Projecting the original
surface 200 km along its local normal results in the folding of the original surface. I 0
Such folds were simply edited out interactively with a graphics tool. We sample the

* contours discretely at a spacing of about 10 krn, Our samples are not internal to the
slabs as we define them, but on their surface. Thus constant velocity Voronoi cells are
riot suitable to describe their complex geometry. Instead we place the slabs in a global
coordinate system and construct the three-dimensional Delaunay tesselation for the
23,000 slab samples for all 24 individual slab stnictures, Those Delaunay tretrahedra
which join the phases of the same slab structure then define the volume of slabs in the
upper mantle. Two examples are shown in Figures 3b and 3c. Those are two of the
larger and deeper slabs which display significant complexity in their shape.

In summary the parametertzation of the upper mantle consists of two distinct ele-
ments: Delaunay tetrahedra to d( e slabs and a two-dimensional grid of Voronoi cells
to define tectonic regions. The slabs are overlaid on the regionalization. To determine
which type of environment a given point (along a ray) is in we first evaluate if it is
within a slab. If it is not, its position in the regionalization is determined. These tools

allow us to represent complex structures efficiently and economic algorithms are avail-
able to locate any arbitrary point in the irTegular grid.

We use a select data set of travel times from well located events and nuclear
explosions in order to alleviate the mapping of mislocation into structure. The events
are the 105 events of the. test-data set used by Kennett and Engdahl (1991) supple-
menited with 92 large earthquakes to get a more even sampling of the globe and the 9
tectonic regions. The criterion for the selection of these events was that they be
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recorded by a large number of globally distributed stations. Their locations are taken
from the relocated NrTIC catalog of Engdahl, van der Hilst and Buland (1996) where

they have reassociated ISC data, included pP and pwP phases in the location, used
IASP9t (Kennett and Engdah' 991) and subjected locations to stringent fitness cri-
teria. We use only teleseismic I' an, PKP an'ivals (first arrivals) and picks reported to
the ISC as impulsive. We invert these data for an irregularly parameterised, regional-
ised Earth model.

Figure 4 shows a map of the 197 events used together with the regionalization.
The events are grouped into three categories. First there are 21 nuclear and chemical
explosions displayed as white stars in the figure. Then there are 39 earthquakes which
awe well located with local observations in a local velocity model. They are displayed
as white dots. Tht remaining 137 events are located using teleseismic observations.
The locations for the 21 explosions and 39 well located events are taken fixed. For
the remaining 137 events we use locations from Engdahl et al. (1996).

We refererence travel-time residuals to AK135 (Kennett et al., 1995) and reasso-
ciate all impulsive picks reported to the ISC for the above events. We find a surpris-
ing number of events with a significant mean residual. This is surprising because
AK135 is almost identical in the mantle to IASPgI which Engdahl et al. (1996) used
for their locations. The explanation must lie in a difference in data selection. We for
example include PKIKP and not pP. We do not associate pwP. The large number of
eveýnts with a significant apparent origin-time shift led us to allow origin time to be a
free parameter in our inversion for regionalized structure. •

Results and conclusions

We solve a linearized inverse problem. A higher order approach is not warranted
because ray bending critically depends on velocity gradients which air artificially
represented by our parameterization. We sample depth ten times at 66 km spacing and
seek 9 independent velocity profiles, one for each of the eight tectonic regions as well
as slabs. We use a standard damped-least-squares inversion procedure. hI regions
with limited depth distribution of sources teleseismic rays give limited depth resolution
in the upper mantle. We cannot well resolve ten independent parameters except in

subducting slabs, where there is a distribution of events in depth. Since the level of
heterogeneity in the upper mantle is strongly concentrated near the surface (e.g. Gud-
mundsson et al. 1990), in the top 300-400 kin, we have projected the depth profiles on
to a set of 4 Gaussian basis functions which are not alloyed to put structure in the
I wer half of the upper mm. fie. This is with the exception of slabs which are allowed
to have structure to the base of the upper mantle. The result we present are
moderately damped. An undamped inversion allowing for 10 ;dependent depth
parameters in each region achieves a 19% variance reduction. Limiting the degrees of
freedom to four per region via the Gaussian basis reduces the variance reduction to
16%. We have damped the solution to yield a variance reduction of 14%.

* 00 00 S9 0
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The results of inversion are shown in Figure 5. Each profile represents a given

tectonic region. The curves have error bars equivalent to one standard deviation
assuming that the error variance of the data is about 1 second (Gudmundsson et al.
1990). The results are encouraging. Slabs appear as a continuous fast anomaly
throughout the upper mantle except at the top where we have tectonic crust rather than
a true slab and where the result is probably affected by the slow mantle wedge. The
amplitude of the slab structure is 2-3% velocity perturbation. This is assumed to be
uniform over a thickness of 200 km and would thus be consistent with a peak permr-
bation in the core of the slab of 4-5%. Other features of the results are also encourag-
ing. The oceans are slow with old oceans developing a fast litho.'phele. Tectonic con-
tinent and young continent are also slow and essentially indestinguishable while
intermediate-age continents have developed a fast lithosphere. There is no resolvable
structure underneath old continents suggesting that AK135 (and IASP91) are represen-
tative of continent in that age range. Ancient continents are fast. but not to a great
depth, only about 200 km. It should be noted that we have not corrected for ciustal
structure so the model should be interpreted to include crustal signature. We refer to
this model as the RUM model (Regional Upper Mantle).

Our procedure of data reduction concludes with the calculation of station correc-
tions (where suffic'ent numbeis of picks are reported) computed after correction for the
above model. We can then divide the reduction process into three steps: relocation
(origin time), regionalized tomography, and subsequent station corrections. 'Table 1
summarizes the variance and mean reduction achieved by these three steps in the * *
analysis. Relocation accounts for much of the variance (more than 50%). The struc-
tural model achieves 14% variance reduction, It is worth noting that we work with
individual observations and have not subjected the data to any averaging procedures
prior to inversion (such as summary rays). Finally, station corrections accomplish a
16% variance reduction. This indicates that our model leaves significant structural sig- p
nal in the data. Histograms of residurfls before and after analysis are presented in
figure 6.

Figure 7 presents the results for the station corrections. Clearly a significant sig-
nal is left in the data after inversion for regionalized structure. Note for example that
a fast anomaly remains within the Laurentian craton. On the other hand the African
cratons are !eft with slow anomalies. Some tectonic regions are left with systemati-
cally fast residuals while others are slow. Clear'y all regions of the same type are not

the same. Our parameterization ir, effect impose.s complex spatial constraints on this
inversion for up,-er-mantle structure which we can think of as a priori infon,,ation, i.e.
the presumption that the upper mcantle can be regionaliJzed as we have donec. The c uc- --'
cess of the inversion justifies those constraints. The remaining station residuals point

to the fact that this regionalized description is not complete, however, and that on
order of half the structureal signal in the data is explained by it,

We have described upper-mantle structure with 23 degrees of freedom and
manage to explain about half of the apparent structural variance in travel time data.
The data are individual, not summary ray data. Preliminary results from S-vlave
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residuals give results similar to the ones presented here for P-wave velocity variations.

,It
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Variance and mean reduction

mean variance variance
Is] [s2] reduction

Initial 1.18 4.30

After relocation 0.69 1.99 54%0/c

After velocity perturbation 0.19 1.71 14%

After station correction 0.04 1.44 16% 1/

Statistics of travel-time residuals at progressive stages in the

analysis. Much of the variance of the data lies in earthquake

mislocation. A significant level of variance reduction is
achieved by the modeled velocity perturbation although no

averaging [e.g. summary rays] has been applied [we use

individual residuals]. The variance reduction achieved by

station corrections is probably due to structure which is

eiiher on scales smaller than allowed for, or which reflects

inconsistencies between regions categorized as of the same

tectonic type [see map of station corrections].
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number =14291

mean = 1.18 s

st. dev. =2.07 s

-10 -5 0 5. 10

number =14291

mean = 0.04 s

St. dev. =1.20 s 0

-1 505 10

time residual (seconds)

F ` ........ ........

Distributions of im-pulsive, first-arrival, time-
residuals before (above) and after (below)
inversion for origin-time shift, regionalized
structure and station corrections.
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Ellipticity Corrections for Seismic Phases

B.L.N. Kennett & 0. Gudmundsson, 4

Research School of Earth Sciences The Australian National University Canberra ACT 0200, Ausi rali-

SUMMARY

The advent of broad-band seismology has meant that use is being made of a

wide range of seismic phases for many of which ellipticity corrections have

not been readily available. In particular, when many seismic phases are used

in location schemes, it is important that the systematic effects of ellipticity are

included for each phtase.

An efficient and eufective procedure for constructing ellipticity corrections is

to make use of the ray-based approach of Dziewonksi & Gilbert (1975), as

reformulated by Doornbos (1988), in conjuctgon with the rapid "valuation of'

travel times and slowness for a given range using the tau-spline procedure of '
iuland & C naprnrar (t t )Ki).

Ellipticity coefficients have been tabulated for a wide range of seismic phases

and are available in electronic form. The ellipticity correction procedures have

been extended to include -n elm,'mc for diffraction phenomena e.g. td, pff

S,*Sj, diffracted along the core-mantle boundary. Corrections fori additional

phases can be generated by building the ellipticity coefficients from suitable

comibinations of the coefficients for different phase segments.

Key words: Ellipticity corrections, travel times

Runninct litle: Elliplticity corrections for seismiv phases
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2 B.L.N. Ken nett & 0. GuckmundsSorj

) 1 INTRODUCTION

As methods for the delineation of the three-dimensional struct~ure from seismric arrials

have been developed, a wider range of' seismic phases have begun to be used. it is X)

seimictrael ime betaker, into ac~counti in at comparable way for each seisn-ic phase.
The same nedarises in the exploitation of later seismic phases in rapid earthquake

location uslgasparse global array; the systemnatic effects of ellipticity must he iniiuded
for all phases used in the location procedure.

The normal model for the calculations of' travel times for seismlic phiases is to use a
sspheri il earth with a radial distribution of velocity; aspherical effects are then included
via at perturbation treatment. An important component of such asphemicity arises From thr
ellipticity of the figure of the Earth. Tim resulting influence on the travel timie of'a seismic
phase wvill tliitl de~pend icl elcto of the source anid receiver pons rathecr tinmn jts'
thle epicenitral ditneA between them. 1- -or a source at co-latitude 90, and at path with
azimruth Cto the receiver (measured clockwise from Northi), Bullen (.937a) introduced
triple entry correction tables Mt (5 M Z: A ) to ev aluate the ullipticty correct"ion for I'

waves; these w'ere latetr extended to polar laltitudes (cf Engclahl & Goust, 1 960).
>1 )z iewonski & Gilbert HI 976i) have develop'ed an elegant representat ion of thle intiuence

Of cliipi)iity onl travel timles anti have demonstrated thle signihrcance of source dlepthi,Z
ni determinuiot1 tile appropriate corrections. Ior a seismic phase the correcttori Canl be
bouit til)I rout tI ee splictical harmonic componeins of order 2,

m 0

Itol (oelfclew('~s oU, (Z~, A) relpieseult ray-pathli inegrals ill t ernis of' the radial \elocit\
dlistrtibl iou i1v ? ) as, anl integral over epicentrall distanice, liltiodriciltri A11110) as at scaled

asuociate(i Lt gcndri2 Function,

A,, (0) 1 J' cn s (( 05 1).2)

[i e cue flucien ts Op,, I:Y A) take the form

-f) Ž1* A)cx0 1 o1 [ý V)d - (0)'j- :i Cm()

vI u)e, (1.41

I? is thle raly slowness, c (r) is Earth's ellipticity of' figure, and thie effect of' source. depthl
is implicit in the dependence of' r on V) along the ray. TIhe suirmaulons represent the
influence of discontinuuities in velocity (v) in transmission (J) anid reflection Wk. Doornhos

I0988) has shown hi w the integrals for (;hN ( zA) (ani altet-nat ively be Formula ted ill

termis of integrals ovei radius withlout s~actificing thle Convenience ol thle represen Itilt ionl



Ellipticity Corrections fl'r Seismic Phases 3

(1.1). Note that the ellipticity coefficients were designated by T,~ by Dziewvonski & Gilbert j

(1975), we have changed to the notation (;n to avoid conflict with the wvell established

usage -T- p) for the delay time wh-ich is also used in section 2. 1.
Dziekvonski & Gilbert (1975) presented a tabulation of ellipticity corrections using the

Um (ZS, A/) formuIlationl for the phases P, PcP, PKF(,Ibbc~dfI, S, ScS, .SKS using the pern
model of Dziewoniski, Hales & Lapwood (1975)). t'orrections were given For clepthis of' t,
300 and 650 km. Thie perturbations in travel time are fortunately relatively insensitive to

the particular velocity model whI-ich is employed. Kennett (1991) extended the ()-, (Z" A)
tabulation using the iasp9l miodel of Kennett & Engdahl (1991) to incClude a liner

tabulation in depth (z. - 0, 3 5, 50, 10, 200, 300, 500 and 700 kin) and additional phases

SKSt,,,,ao, SOP anl(I SKP.

In this paper wec demronstrate the convenience of'combining the finland & Chapman
(198:3) taui-spline procedure for calculating travel times, as used by Kennett & Engdahl

(1 991), wvith tie lDoornbos (1988) calcu lationl of' tile o-,ý ellipticity coefficients using
ray integrals. Anl extensive rang(e of elhipticity coefficients have been tabulated and are
available in electronic formn, The correction procedures have been extendled to include ant
allowvance For diffIraction phenomena, as e.g. at the corc-mantle boundary in Pa(ioi Sarif

1 %- octheIwerheonstrae t (bo to combine the o-,, coefficients for dlifferent phases to

lprodoce correctionls for. cases wvhere the coefficients have riot beeni tei, lat ed.

2 l:LLIPTICTIY COR~RECTIONS

III terms ol IIeI(, A ) COe~liiieii1ts the e.Xp)lcit repres('tit at loll of the ttilit correct ion
ti) he aldded to t lie vaIlue calcullated for aI sphierically symmnetric Earthi model is

6 7"H1, A, C) - I 1 3 ens'21,4))Y(~ A)

--,sin'2Pii)cos ý rI (ZA)

j<- si"1 4( Pcos'0 2 Co.., ( z, -1), 121

Where, as before. 14() is the epicenitral co-latitude, Aý i's the epicentral dI~st aic',- r is" the(
azimth-111 fronm the epicentre to the receiver, and z, is source depth.

I, Ray based corre-ctions

lPoornhbos (1 988) has presented all effective algorithim 'or the( cololptlit t on of, the 0-

e.ilptmctt'ý coefficientlswhc depends onl a specification of' tile lay al'alillitelc f'or anly

p~articutlar phase. This approach is based on comiputation of' ray Integrals for fixed
slowl iess anni in consequenc~e needs to be coupled to an auLxiliary rou1t itle il Correc donls
are to1 be produced for fixed epicentral distance, A.

finland & Chapirian (1983) have introduced the tau-spline imet hod [or rapid
elnitistrction of travel timies as explicit funtctions of range. This inethod is based onl the
prolperties of the de~lay timre r-

-I(p) T(p) - pA(p). (2.2)
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The stationary values of

0O(p, X) -rT P) ± px = T (p) + p ýx - A (p)] 23

correspond to geometrical arrivals for the range, x. With a tau-spline representation of K

"r (p) for each travel-timie branch the condition ýO(p, x)Ilap =0 leads to the solution of
a quadratic to find the slowvness, Px, and then a rapid evaluation of' the travel tilnie for

range x fromn

T(x) = T(t-,) + pxX, (2).-4)

T]he tau-splines can be established for many phases at a time by using a common slowness

discretisation and the superposition ot T segments for different ray segmnerts. The

appropriate software lias been widely distributed with the release of the iusp79l model

* ~(Kennett & lLngdahl, 1991) and can be readily adapted to different radial velocity models.
*The outpa from the lBuland & ChlapmTanl R 983) algorithmn is ideally suited f or i se with

Tgoornbos' 0 988) ellipticity corrections since the slowness is known explicitly for it giver,

range and phiase specificationl.T'hus, provided a ray description is available, the ellipticity

Coeffhcienits, (T11 , (an he cldcrI dated rapidly anid a cross check made of the accuracy of' the

calculationi by Comparison of' the estimated and desired range. For thle niodtel akl 3:5 of'p

Kenneli lEngdahil & Butlanri (1995), which is specified by linevar gradients in raldius, 11lW
ceniveigelice is better than 0.)251 fot- all thie maijor phases.

TIhis comhtoI11:10(1io f iav 0alorti Inis hia" beel tiused to) develop aLi ext ei isive set of

ellipticity Corrections in the form of'ou,, coefficients as a function of depth, z, anrl range,

ISis ppliedO~ to ensuLre that the correct ions coresspond to the sameu Class of' propagationl
pajth,. It is imporutant to Separate the ojpguilg I' and~ S waves froml deep evenits (11", SUP
in Table 1) from thle miain 11 and S wh-ich hiave at separate raty specific-ah ti.

As 1101ed h\ D ziewonski & Gilbert (1976i) the elliptic it) correctiotis lot P' nid~ S pitlses

having Comparable paths scale, v'eij Closely with at Constant of' proport ioliflily which
varies fromi t .801 to 1.834, i.e. 1.821 ± 0).0)15. despite the considerable variatittil In t ie
1iaiols of 11 to S wave speed with depth. The Conistant of' propiirt iomality is ver\ clos-e to

lie value 1 .8 proposed by Buhlen (1 93 7b). Thei simple rescaling works well lot' Mant le

piases, suich as Pc], and ScS, hut cannot be app lied where til e propagal in p aths have
(I.lr'ae iaa ter, als e.g, Core Phases such ats PUP ilid SK5.'.

2.2 Diffracted phases

T he elliptic ity roe [fici-w s for a diffracted phase Can be deternillecl frotil the4 valuews

at the grazing point onl the ap~propriate interface. toc a given source depthi, z~, and

epicentral distance for the grazing ray, A,, we Construct thev Coefficien ts for- the graziing
ray: o-7(Zr, AS/), 0(Tj (zS, Aqý), ( t(Z,ý, Aq).

As detaile~d in Appendix A, the elliptic ty Coefficients for dihifracted waves iare specified

0 1
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by two integrals along the upward leg of the grazing ray:

I AY dv

X p2)/O co ±0i .. jcs20[L P3 2

LJA dr

V 7 cosin20 [ (172 p2)i/ 1osY20in2O 2 p 2) (2.5

grVig doi20r by-

o' ~ ~ ~ ~ ~ ~ ~ v1 (z,, )v ~(•A~ rsn sin 20 1,cos6) ('2. )
Ic si 2 0T 1

Z,~j p -' Li61sn L-Xo ) 28

r z~, A, ±Pý 6) - o(Z" Ag) + -vSin 6 ( A sinl 6 + Y Cos 6). k2.7)

\3

Whe10r e 6is the arc distance of dififrac tion. Only twvo numierical- integrals need to he
C%\cilualerl to generate the(- new' Coefficients. The integrals A' and Y are weakly dependeni
oii Source dept Ii throu ghi the variation inl epicentral distance of' the grazing point. *

'I lie set of o coefficici its for PdIjff anid .Sdjtf diffracted at thle Core-C-itiat IC boo idary are W

Illustrated ill figure I aIS ftunctions of epicetitral distance, together wit ii those for 11 and
S. As we expect there is a smlooth transition front the IJliase defined by a geoniic tric ca%
to thle diffracted phiase. For short dilfircted legs a Situiple extrapolation of' the( geonile i C
results provides an adequate ap~proximationi,

Thel( o- coefficients for RoIn- and .SjtIf are tabulated in 'Tables 2,3 inl 'olipiifii ýllflo hiriji to

tha~t employed iii Kenniett (1991) for P1 and .S.

3 ('0MIIINAT1'ON 01F ELLIPICITrY CO `CtIONS FOR CO)MPOSITE' IPHASES

I lie fornI of tilie ellipticity correction (1.2) is the sam~e for all phiases with t ie coefficients
om being- the only phase-dependent g tiantity. [blus, if we Caln construct Ilie wilve pathI of
a pairticu'lar phase as a cotobiliation ofr two or more eleinent acy phases (e.g. PKKP as aLicombination of PKP and PcP), we canl not only construct the correction for tile con) posite
pihase fromn the corrections for the elementary phases, but also Cons truict tilie o,,, tables

for the composite phase by a linear comrbination of' the o,,, tables for the elemnentary,
phases. Consider, for example, a surface reflec ted phase with two legs, a and b, where
the point of reflection lies at A,,~ so that the two propagat ion legs are (0, A,,) and (A,,, A)
(see figure 2). The correctionIs Could be cletenininedI by calculating thle coefficien ts for

the A,, leg and then uintoducing anl apparent source atl tile reflection point to build a
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further correction for the arc length Aj, A - A,,. Alterunatively, we Cant use spherical
trigo.-ometry to develop an expression for the comrposite 0 ,, coefficients:

(z ) ((,) (Z . -I") + -,(3 cos 2 A,1 - 1) (TO"'(O, Ar,)

si LSf2 A, ort'm Ao,

+ Ms in 2Aa o, (0z~,)L T{, (Z,, A) oj(, A 41  ~ Sin A,,)

+cos 2Aj (or,'AAb)

I I ,~Sinl 2A,, W'l (ii, A,,), ( .

(CT'.d + sin- (ŽaTJ~' (0, t)

+ , in- A orl (o, Ao,
I .

where

A), A-A,,.(3.4)

The derivaition at' thecse expressions is presented in Appendix A.
AS it quick chPckI Oil te0 comp)osIiton rLleCS We conpared a direct caictilalion loa thec

coefficients for IT at 60t , which is composed of' two 11 legs of 30" each, with thie restilut

tirom the applic ation of (3.1 ).(3.4). lTre resulting Coefficients differ by no m1ore tHim 0.)00)
S ILs, which reflects the truncation errors associated with tabulated values.

M~ore conmplex combinations of phases can also be miade by exploit it-: tl le i near

Suiperpositionr oif the correctirons for' diffearent propirgaiirrr pathis. Consider For Iliflple
J'KKI , whtich can. be constructed fromn the iniformiationi Iron, !'KII aid .. P (1liiiF a fall

propagation afi, A, we can build the travel time for 1KKPIby a 'ombinaIOtioni at' Iw~o PI,

legs uh' the suhi ractoni of a1cPso"""" et:

whlere

A%,j (A ArC 13.11)

A,, an d Ap, are the arc lengths of' thec two 1'KJ' legs whuic haive to he ion ad by matc( riip
1he raiy paramieter (see figuI~re 5).

Tlhe (J-", Coefficients for PKKP are then to be [wind front a linear cominatiora of11 a lie
II [-ficien ts Ifor the iPKP and I'd' coirponent :

(J z,7  A 0y~P 7 A() 3 Cos2 A,, -- 1) 1 o(T~'(,A, ,h

sin -)A,,(I (o, A,,) - (r IN1 0 A,)
4- sin2 A(4<K'(,a I. cr1'' 1'),A),(3)

( 1 PK(zS, A) of1'K1 (z,,A,) + sin 2A,, o(1'(0, A,,)

+ cos )A,4 [ or PK' (01 t,) (TIC ((1 Ah

sin 2A, g,1K'(1 ,) CT' 0 A, ON 3.)
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-{KK)'(zA) - . sinAro(0,A•,)

÷ ½sin2-\, , I K (0, Ap,) - CI (0,

4. (1 COS 2 Aa[,)[ C (, Ao ,)- U (0, A,)]. (3.9) .)

"4 DI"CUSSION

Although the significance of the Earth's ellipticity on travel-times has long been

recognised, applications have been restricted to a few major phases. The extension of

the corrections for diffracted phases and for combinations of seismic phases means that

it is now feasible to generate corrections for most observable body-wave phases.

W'- hope that the provision of a wide-range of ellipticity coefficients in readily useable
electronic form will encourage the systematic inclusion of the effects of ellipticity in both

regional and global studies.

APPENDIX A: CORRECTIONS FOR DIFFRACTED AND COMPOSITE PHASES

Al Diffracted phases

The geometry of a phase diffracted around a spherical boundary within the Earth is

shown and defined in figure Al. Energy is radiateo downward from the source at S at

a particular angle defining a ray parameter, p = P.-, such that when the wave refracts

toward the boundary it grazes it at point G, an arc length A, away from the source. The

j ray path then refracts upwards toward point P on the surface a further arc length Al, from

G. The continuous solid curve in the figure (SGP) defines the grazi.iA ray to the boundary.

Some energy may diffract along the boundary from C to ýI, where it is refracted upwards

again to reach the surface at R, an arc length A ý A, + Al, + 6 away from the source. At

high frequencies the diffracted energy is confined to the upper edge of the boundary and

has a predictable travel time, which is constructed by a path integral of the slowness of

the Earth along the path (SGHR) shown in figure At-, albeit not a "tay" path. The geometry

of this path and the slowness encountered along it, and consequently the pred icted travel

time, will be perturbed by the Earth's ellipticity in a manner much like a true "ray" path

as formulated by Dziewonski and Gilbert (1976).
We can divide the path SGHR (see figure Al) into three segments, SG. OH, and HR, and

thus construct the perturbation due co ellipticity by combining three ;ontributions. The
first arid third path segments are "ray" paths and may be treated as such usin te results

of Dziewonski and Gilbert (1976). The middle segment, GH, encounter- a slowness equal

to the slowness at the top side of the boundary in the spherical reference Earth model

used. It therefore suffers no effect other than that due to change of arc length along the

boundary. This in turn is second order in c, the Earth's ellipticity of figure, and may be
ignored. We are then left with the "ray" path effects along segments SG and HR.

Before commencing the derivation from the formulation of Dziewonski and Gilbert

(1976) it is convenient to simplify their result (eq. 1.3) by defining:

I

" I] e• ••• -
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c~v

dr ar
and W

IC -(? or 2 A ~~ )
=n -, -g)1] Lo r9  J SF, - l ± iv' g U 5  (A2)

;k depending upon the nature of the interaction with the particular boundary in the Earth,

which here is labelled by i. We then have a more compact expression for the coefficients

CTPIII

or,, (z,, A) = Of (r),AN(O) + AF,,A..(0,) (A3)

We can now follow Dziewonski and Gilbert (1976) and write for the diffracted phase:

ojyZs A.' + 6) = {o dOf(?-)A,,,(0) A V ý A .r(0j)
'SG-

+ f dOf(r)A ,(0) - AFiAm(Oj) (A4)
H-R

where A, A., - AX, is the epicentral distance of the grazing ray. The sums labelled SG
and HRl represent sumis over all discontinuities in velocity (slowkness) encountered by the
SG and HR paths respectively. The Oi under 11IR refers to the angular distance from S the

along the HR path segment. Note that the HR path is a replica of the CP path shifted by

6 in angular distance from S. A simple change of variable in the last two teriris of (A4) toAl -0 tMIH trsorm lHGPc.n ½2 H. ....) 7 o

04"",(Z. 'A + 6) 5 dOf(r)An(O) 4 AFjA,,(0,)

S d- O'fs(r)smAi(0' - coV 6 F,.,, O, 6) (Ac 0

Now recatl that A?,(m(0))= -3P (cosO), where p2,yl are associated Legendre. functions

of degree 2. S;imple algebra leads to:

.\,•0 ~ A, t1 = \0) + sin 6(sin 6cos20+cssn0

A, 1 (0 4-5 =) A ,( O) + ---sin 6 (stn 6 si1n 2 O - co s 6 cos 2 t) )
13

(0) - -sin6(sin6cos20 9 cos6sin20) (AG)

Thus, if we define:

d0f(r) cos 20 + Z AF, cos 20,
• ,•'I 2•iGP2 and i

L= dOf(r)sin20+ ý: AF~sin20, (A7)

""iCP

Aow
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"we can write

o •(zs, Aq + 6) = dOf(r)AO(O) + ZAFAo(O,) ,S)

+ dOf (r)Ao()+ A ,F,Ao(O,)
i,GP

* sin6(Xsin 6 + Ycos6)

= d Oj(r) A ( 0) 4 LFI.(We)
I.Sp

* sin6(X sin6 5+ 'cos8)

-- -(ZA,0 + sin 6 (X sin -. Ycos6) (A8)

and similarly for o- a and o-i:+

'3cl(<zs, A,, + 85) = o<U(zs, Aa) + -- sin6(T sin6 - Xcos 6) (A9)

(T',(Z, M, 1- 8) A"tz,, A,) -- sin 6(Xsin6 ý- Ycos 6) (A10)
3

Note that relative to the grazing ray, the change in the orm tables is expandable in terms

of sin6, where 6 is the arc length of diffraction. Thus, for a short diffraction distance
the o-, tables for the diffracted phase are well represented by a linear extrapolation of

nme tabtes tot the associated geometricai ray. It is apparent in figure 1 that the ellipticity

coefficients are continuous to first order across the transition from an optical path to a

diffracted path (dashed vertical lines), It is possible to show, analytically that this is the

case for surface focus paths (S at the surface) and approximately so in general. Tile proof'

of this statement is beyond the scope of this paper. This is potentially useful because if

one has the coefficients sufficiently accurately tabulated for the refracted phase one can

estimate the integrals X and Y from their derivatives.

It is worth noting that while figure Al draws the diffraction boundary near the

core-mantle boundary and our numerical examples are for diffractions around the

core-mantle boundary, the arguments and derivation above apply to diffractions around

arbitrary spherical boundaries in the Earth. Our derivation holds true whenever the

predicted time of the diffracted phase is constructed by a path integral akin to the path

depicted in figure Al. Th derivation applies e.g. to diffractions off the caustics of upper

mantle triplications.

It is also worth noting that our description of the diffracted path involves a

high-frequency assumption. High-frequency diffractions decay rapidly with propagation

distance and the travel time of diffracted waves is dispersive, The change of travel time

with frequency can be understood in terms of a change in the diffraction geometry.

We have not explored the potential deviations from the above derivation due to finite

frequency.

IlI

0 [ _ i: • -.. .i ' : 0-7 - 0: S--' 0•> 7 - -=7 - 5 S * ./- -- '•
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A2 Composite phases

If we can construct a wave path of a particular phase as a combination of two or more

elementary phases we can evaluate the ellipticity correction for the composite phase

by adding the corrections for the elementary phases according to eq. 1.2 using the

appropriate epicentral distances, colatitudes and azimuths. Because the form of the

ellipticity corrections is the same for all phases we can go further and construct the

tables of ellipticity coefficients, o-, for the composite phase from the o-,, coefficients of

the elementary phases. We start by introducing the shorthand:

're(O, Z: = P_'."(Cos 0)Cos i _ . (All)

We can then wTite the ellipticity correction for the composite phase, 6tC, either in terms

of the coefficients for the composite phase, oTc, or in terms of the coefficients for the

elementary phases, -{ and (r]• (see figure A2 for definitions of geometry): b

6v = fju(Os (Zs, A) + oi (0s, ý 5hxf(zS, A) + 9-.-(, ýs)f7'(Z, A)

go (0" ýJ•[)u (Z", Aa) +m ( A, r•)o"'(zS, Aa) + Yi2(s A.)U(Z" A,,)

( O•,, • ,)o-'o' (0, A,) + gi (OP, .ý?,) o-' (0, Ai) + gn (OP, Z,) ho.' (0, Al). (Al 2)

In order to construct the coefficients oa, we need to tran: scribe the terms involving 0,,

and C,, which arise through the shift of the origin of the path for phase b, in terms of

0, and Cý. We utilize the following relationships from spherical trigonometry (we apply

the sine and cosine rules to The left-hand :ide triangle in figure A2):

sAI , ,III •f;, sin( T -- ý,)1 sin O = sin ,,/ sin 0,

COs COS 0COS,"xa 4 " 0 0isin, A,, CO;

Cos o COS, cos A, -f silOlp sin Acost, C

from which we arrive at

sin 0,, sin r?, sin O, sin (S

"sin 0, cos Z, sin Aa, cos Os - cos A, sin 0 ce•

by simple algebraic manipulation. We can .; rewrite the terms of eq Al I which involve

0, and ,,, the terms gt( 09p, ýp), as:

4o(0•,, 1) = -(1 + 3 cos 2A,1 )gh (0s,'•) 2-- sin 2A i gI(0s, co 2 sin- |,,-2(0,,

V
3 I"-(2sin 2Aqo(Oss) + cos2Ag 1(0,, ýs) + -sin2A1 g.2 (O, iýs), (Al3)

1 2

,. (Op, .,) -- sin-Aago(Os, s) -- -sin2Aagf(Os,Cs) -(1 + Cos- Aa)q,(Os).
2 2

We find that they decompose into combinations of terms g, (0, ýs) with weights which

depend upon the angular distance of the shift of origin of' phase b from that of phase c,A 1 .
p|
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It is now straight forward to match terms in eq All and write the ellipticity correction

coefficients for phase c, or', in terms of the coefficients for the elementary phases:U (,),(Z s , A ) = cro" {Z s , A ,, ) 4 - l4 ( 1 + 3 c o s 2 A aj )U ()O'•'( 0 , ) 
A)) _

1:r
* J&(z5 ,A) =1 3 + s 2 b)b(0 ,A (,)

2 sin2A 2'Aa. (0, At,)

.z, ,A) 0 (Z5,A,) } + s 2% ) (0 O )

--cos 2AcrO'(O, At,) - - s in 2 A~ (, o-,)

UY,(Z~,Aý 0" (Z5 , A) + sin2 A" -0 (0, A,)

4- .sin 2 A , acr'(0 , A O) + I(1  + c o s2  A ,a )o ,'(0 , A b ) (A l 4 })

In order to implement these expressions one needs to match the ray parameters of phases

ab, and c in order to determine A,, and Al, from A and then the oa tables of phases a
and b can be combined to calculate the tables for phase c.

APPENDIX B: Ell-CTRONIC FORMS FOR ELL!PTICITY COMUZECTIONS

A loriran subroutine el Ii p provides access to the ellipticity corrections for a gi\ven
source location, epicentral distance and azirnulh using direct access tables of the O,
coefficients (as specified in Table 1. This subroutine and the necessary direct access
table eli i pcor. tbI are availabl2 using anonymous ftp at the follwing siles: -

Sthie Research School of Earth Sciences, Australian National Uniwi silv, C(anberra,
Australia: rses .anu. edu. au

Sthe, IRIS Data Manag(Tement Centre in Seattle, WashlillnIon, U S..\.
iris.wash-ington.edu

the National Earthquake Information Centre, U.S. Geological Survey, Golden,

Colorado, U.S.A.: gl dfs. cr. usgs. gov, directory elii p

A further program tti mel provides combines access to rapid calculation of seismuic
travel tinies, using the ak135 model of Kennett, l:lgdahl & uhLland ( 199), with ellipticity

cot 'ections for the full range of phases in table 1.

I

I_

-. 

' 
S 5 0 -
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Figure 1. (a) crn, (A) ellipticity coefficients for P and Pdirf, (b) (r, (A) ellipticity coefficients
for S and Sdiff.

Figure 2. Addition of ray legs to produce a composite phase

Figure 3. Addition of ray legs to construct PKKP from two PKP segments and PcP. -V

Figure Al. Ellipticity corrections for diffracted phases

Figure A2. Geometric relations on a sphere for phase addition
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Table 1. Ellipticity corrections
Phase &un 6na

pup0 10
1,5 95 kx

I'if 100 IS0
PKPab 145 175

PKPdf 115 180
PKiKl' 0 1355
pp 20 100
pPKPab, 145 175)
1, P K lb 14S 155
1,PKdI,1 115 180
P)I'KtKP 0 155
cp 5 100
sI'KI'a 145 175

*SJ'KI~c 145 155S
sPKP'jr 115 180
si'KiKi' 0 15SS
Il] 0 900

S K Pal 1:10 140

sK idf I1I() 1 80
SKKll 0 14')
P'KKl',i, 2 35 25 5
)'KKMX 235' '285
I'KX Pflf '2101 30
SKKPj1 , :1 220
SKKl'),, -215 2180

*SKKPdf 2 05 36()0
i' 40 190

1:1''1 2 3 36(0

05s, 1 140

SKýJ 0.1 180
(( 0 100

p8 KS.,, A)o 1.-10
16K.ýjj 1101 180)

s211 100
sSKS, 05 40 A
sSKS,11  1(1 111

('oS 11 (1

l'KsdI) 13(1 14(0
)'K Sj, 1:10 145

P('lfd 1101 180
ITK Ks.,1, 2,15 2 20
'K KSL,, 215.1 18(0

P'K K.S d 2 03 60
SKKS,, (6 ',75T
SKKS11l 200(1 C 100
55 40 1900
.S'S 130 3 ,00

I'S 90 135
901( 135 35
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Table 2. Eflipticity coefhctents /'dhff

Depth of source [km)

0. 35. 50. 10 0.
S O7r 01 U02 Oro 011 0-2 U0 CI) 12 (0 (1T (T'

100.0 -0.568 11.4901 -0.808 -0.550 0.493 -0.808 -0.543 0.492 -0.808 -0.518 0.4889 -0.808
105.0 -0.637 0.627 -0.768 -0.620 0.625 -0,768 -0.612 0.623 -0.768 -(1.5S7 0.620 0.768
110.0 -0.12G 0.742 -0.716 -0.708 0.740 -0,717 -0,701 0.739 -0.717 -0.67C 0.735 -0.717 4
115.0 -0.830 0.8"18 0.6-)0- -0.813 0.836 -0.136 -0."0, 3 0.83-3 -0.61& "50 .-1 A. 0 0(.81) 0. G-. 7
120.0 -0.947 0.91 1 -0,588 -0.930 0.909 -0.589 -0.922 0.908 0.!)89 -0.18 0,9014 -(1.89

125.0 .1.07.1 0,96( -0.515 -1.05G 0.958 -0.510 -1.049 0.9O-7 0. 1.16 -1.02.1 (91.33 -0,51,
130.0 -1.206 0.98.1 -0.439 -1,188 0.980 -0.439 -1.181 0.979 0.439 -1.156 0,976 -0.440
135.0 .1.339 0.979 -0.362 -1.322 0.976 -0.362 -1.31.H 0.973 -0.363 -1.89 0.97",2 -0.363
140.0 -1.470 0.948 -028) -1.452 10.943 -0.287 -1.44. 0.944 ,0,287 -1,420 M .941 -0.287
]45.0 -1.5!14 0.8') ) -1.215 -1,576 0.889 -0.215 -1.569 0.888 -0.216 -1-544 0.884 -0.2 10
150O -1 708 1).811 -0.149 -1.690 0.808 -O.150 -1.682 0.807 -0,150 -1,6138 0.80-1 -(.150

200. 300. 5(10. 7(10.

.5 lT,, ( I 02 (r0  or1 0 o '0 1 2 Q (]o (11 (

100.0 -0,. ,4 0.4,,| 1 .0.809 -O,43 1 0).476 -0.8090 -0.354 0.465 -0.810 -0),28., 0.4.;, -0.8 1

1(5.0 -0.,41 0.6•1 -t -0.7(i8 -0(,501) 0.607 -0.769 -0.424 0.596 .O,770 1-O,35 10.587 -01.771
110.0 -0 13.1 t. 0.71) -0.718 -0.590 0.723 -0.718 -0.5 12 0.711 -0.711) -0.4-13 0.702 -0.72O •
115.) -0 7167 , 01.825 1 .)i 57 -0.60)4 (0.818 -0.658 -0.617 0.807 -0.1359 -0.548 o.793 -0.660
120.0 -0 8.)3 0.898 -0.81 -01811 0.892 -0.5)10 -0.734 (1.881 -((.51)) -0.66(S 01.871 -11.5)9)2

I
12511 .0 9 ,01) 1.4.t7 -0.,51 -0.938 1.9)410 -01.5 17 -0.8(1 1 o.91)2 , -0.518 -01.7 91 0.1)20 -O.V1 I)
I 30,0 -1, 112 0,901) "11,411 .7(1 1.00963 -1,441 -0)9912 (1.1-1l -1.144 -10.1)2'3 ().(-1) -0 4-I13
135.10 -1.2-1-. (0.96) -0,,3063 -1.213 ()1 .9)9 -11,361 -1,12(1 0.91-48 -0..165 -1.0 7 -LO , 0.931 -0.3 600
140.11 -1.37(, (/1) -H -0.288 -1.373, 1 W.128 -0.288 -1.2 0 .O.)17 -0.2891 -. IA 7 0.1107 -0.291
145.0 1.' 1 1'0 0.878 -0.211 -1,.8lH 0.872 -0.217 -1.381 01.8601 -0.2_18 .1.)11 11,8"1 - 19,2---
Flm . h -I 1i-1 (• , • , 7) (. L• - I.A ., 0,780 0. 15 -1.42 , 1).770 1. 1•, _

I•

Iii

I
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Table 3. Lilipticity coefficients for Sdff-

D)epth iof sjollce Ik(ao

0. 35. 50. 100.
({TO 1 00 T2 00 01 L) CT0 UT 02 ru (T] 0)`

100.0 1.041 0.902 -1.480 .1.010 0.896 -1.480 -0.997 0,894 -1.481 -0.933 0.886 -1.481
105.0 -1.167 1.144 -1.407 -1.137 1.138 -1.407 -1.12-1 1.136 -1.407 -1.080 1.128 -1.407
110.0 -1.329 1.357 -1.314 -1.298 1.351 .1.314 -1.285 1.349 -1.314 -1.241 1.341 -1.314
115.0 -1.320 1.534 -1.204 -1.489 1.529 -1.214 -1.476 1526 -1 '204 -1.432 1.518 -1.204
1210.10 -1.734 1.671 -1.1080 -704 1.6(1-, -I.0811 1.1191 1.662 -1.080 -1.647 1.6(-, -1.080

123.0 -1.966 1.762 -0.946 -1.936 1.756 -0.946 -1,923 1.754 -0.946 -1.879 1.746 -0.946
110.0 -2.200 1.805 -0.80(6 .2,178 1.799 -0.806 .2 16,3 1.797 -0,806 -2.121 1.7811 -0.806

1.3 ;,0 -2.,153 1.799 -0.6164 2.423 1.79.1 -0.663 -2,410 1.791 -0.665 -2.366 1.783 -0.665.)
140.0 -2.1.64 1.7,14 -0.526 -2.663 1.739 -0.526 -2.650 1.731 -0.526 -2.606 1.728 -0.5 26;
1-15.01 2.9122) 1.1G42 -0.394 -2.892 1.636 -0.394 -2.879 1.634 -0.394 -2.815 1.626 -0.394
I 5().( ) "3.132 1.496 -01.273 3.101 1.490 0.273 -3.088 1.487 -0.273 -3,044 1.A711 -0.273

2100. 3()(0. 500. 700.
A (,) (l 0'2 (T(O (rI ()2 (Tu 0- 02 (U(o (-I (Y

100.0 01876 0.882 -1.482 -0.796 0.860 -1.482 0.0.52 (.824 -1,483 -0.528 0.808 -1.484
M 110 I. 1,124 -1.408 -(0.923 1.102 -1.4001 -0.778 1.065 -1.409 .0.(S55 1.050 -1.411
1111. -I .16. 1G 331 -1 .315 -t1.08 1,314 -1.315 -0.940 1,278 -1.316 -0.816 1.26:) -1.318

11:1.0 I.1316 1)51, -1.201, -1.275 1 412 -1.M03 -1.1)3 1.455 - 1.2•6( -1.0(17 1.4.11 -1.207
121.1I i 3 7 1 16, -1.081 -1.490 1.628 -1.0181 - 1.:-I • 1., -1,082 -1 .... 1. 577 -1,084

•5.1 -181' 1,74:1 .0.9-47 - 72.,2' 1,711) -(1,947 -1.577 -1 (,8: -0.1148 -1,,.I 1.O6i8 -0.1)1(

130.0 . 0 114 1.78", -0.807 1.164 1.7163 -0.,807 .1.820 1.727 (1.0808 -1.6916 1.712 -0.18 10
I T -1.) 81 8 ,780 ().11(6 2.2(01) 1.7,7 -0.66(6 .2.06.1 1.721 -0,6G7 1.11-,l 1.70116 -0.6(8

1I(l .. ,3 1 1.7 ', (1. -2.4'(1 1.702 -0.527 -2.310., 1.66616 -0.528 -2.181 1.6r; I -1.5311

14.1 .i.70 8 Z . -0.1.11:2 -2.G78 I1.1 1)O -(0.3)13 2.533 1.3114 -(.1)(1i -2.4 10 1.548 -0,3(98
15(10.0 -2•. 8•1 ..1,17G - -1274 -2.888 1.43.3 -11,274 -2.7-13 1.417 -(..21, -2.6 11) 1.401: -0.2 77
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Frequency- dependent effects on travel times
ipiatins wvform the long-period S waves:

implcatonsforthescale of mantle heterogeneity

HeierIglInsittecfTheoretical Geophysics. am i lKc.1'\
01'Gu(IIIIIIIssllResarc Scoolof EarthI Sciecucs, Canberra. Austialila

Subm~rfitted to IPEII. .1UlV 1996

Abstract

ThLe spectral prope! i ies of upner-niantle velocity pert urbations are
cont roversial 1XVh ie global ;Earth models obtarined by toN. ogr1"Iaphi c
invorsion are Clraracterized by the dom-inance of long-wavelength fea-

resuýIlls fr~om, region al tomiography, and stochastic anaal~is of
trav-el timies suggest the presence of more power at intermediate scales
than predict od by global miodels. We study frequency-depenident ef-
fects of long-period S-wave propagation through random upper-miantle
models with specified spectral properties. W\ave propagationi is simu-
brled hrv a fillir -differonicP approximation to the axi-symmninicc wave
equation in spherical coordinates. For global models With cvlindri-

cal svmmtlet cv and constant angular increment AO thle use of spherical
r-oordinates leads to an eilective lateral grid spacing (arc lengthI) do-
creasimg with depthI. This is contrary to the r, IIIenlt s of, global
miod-1 with low velocities at thle top of the tnt a~n tle whni cht tcesan -

tate ai dense grid spacing- at small depths and a wvider gridl spmnini tig t
the bas- of the mantle. W~e introduce a grid withi depthi- depoedent
lateral grid spacing to overcome this, inconisistency. Onrc simulations,
suggest that ( 1) the properties of power spectra of travel-I inie r'osiduals
are frequency dependent; (2) power spectra of models ohitained fronm
long- period tomography may considera'bly underestimate tho power at
intermiediate scales; (3) frequency-dependent effects on the wavefornin
are sensitive to the scales and amplitudes of perturhations pre'sentt in
the upper miantle.

HKeywords: miantle structuire, finite differences. S;-waves
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Introduction

Determining the spectrum of heterogeneities in the Earth's mantle is impor-

tant to constrain the types of convection present in the mantle and to under-
stand the origin of modeled seismic-velocity anomalies. Spectral properties

of mantle structure can be estimated from three-dimensional (33D) models ob-
tained by global tomography or they can be estimated (lirectl," from observed
travel-time residuals. A detailed comparison of power spectra for different
global and regional models can be found in Passier and Snieder (1995). A
discussioli of global mantle models is given in Ritzwoller and Lavely (1995).

The spectral properties of mantle-velocity perturbations determined by
various methods often differ substantially (Passier and Snieder. 1995). While

Ioniographic images obtained from global-data inversion suggest a sharp on-
set of spectral decay at harmonic degree I • 8 (e.g. Su and Dziewonski,

1992; Zhang and Tanimoto, 1991, 1993: Pollitz. 1994) results fromn regional
Soninogii~ply (e.g. Snieder.1. 93h8; 7ellltIis and Nolet. 1994: Spakinan e t al.,

1993) and stochastic analysis of travel times (Gudmundsson et al., 1990;
Davies (..[ al., 1992) indicate that there is more power ill intermediate-scale
heterogencity than predicted by global inversions. These difierences ,re at -
tributed to (1) varied effects of the inversion schemes (e.g. Laske. Masters
and ZMirli. t-99 1: (2) complexity of the regions where regional tomography is
carried out (Passier and Snieder, 1995): (3) filtering effects of finite-frequency
propagatii; .io 'I t oclI times (_tudinundsson and unnins, 1991).

To ln(lerstand frequency-dependent effects on the (let ermiiit oin spec-

tral properties we perform full-wavefield calculations for mantle models with
known spectral properties. The numerical niethiod we use is an ci xtensioji
of the finite-difference (FD) approach by Igel and \Vcber (199-5. 1996) to
grids with depth-dependent, lateral grid spacing. Arid refiliinelit near the
Earth's surface considerably improves the performaitnce of thl Fl) algorithmi
because (1) low velocities (small wavelengths) at the lop of the lie nritIc cami
be sanipled more efficiently, and (2) higher ,el,, it i'- , w ieer i mnaithe are

sampled less densily, improving ,st,-ic..

The purpose of this paper is to wresent an FD) algorithii xviih deptth-
dependent, lateral grid spacing for global. toroidal wave propagation, to dis-
cuss its accuracy, and to simulate frequency-dependent waveform effects for

upper- mantle models with specified spectral properties.
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Numerical algorithm

The algorithm presented in this paper is an extension of ilhe high-order FID
scheme of I-el and( 'Weher (199.5) to grids with x'erticall 'v xaryi ing gr(1d spac-
ing. The equiiati ons of motion in spherical coordinates r'. 0. ': are solvxed for
wavefields and mledia invariatit inl lr, thus rotationall lv syivn jjjt c wvith re-
spect, to the axis 0 = 0. For spherical or polar grids with) equal Spacing inl
t he augu'ar domnain. tile gridl is coarse for large radii and dense necar the cen-
tre. T'his is contrary to what is reqtiired for global, cartesian E'arth miodels.
The velocities near thle Earth's surface are considlerably lower than deceper
Within the L'arthi and therefore require dense rather than coarse sampling.

In addition, licterogenc; Lies are clearly strongest ill the lithlosphere and ltipl-
permlost miantle (possibly with tile exception of tile lowermost niantit . D" )
which consequently should be sampled with a dense grid.

.Ci'ieory

.\su inginvaraiace inll the eqjuationis for turaidal niot iOnl U. armv Lap}-
wood( andI Isaniiýi 1981)

W u. 0 cT7 100, :3 2
-- f + -_ -+ + -r ±7, + 76 (ot 0, (1)

01Or 71 10 ' 0
1 p1 the Mjass clenitvx , 1, a xL; L - AI ~i.tjuIieiit

of thle str-ess tenlsor.

/I beinig the shear mnoduluis. 
0

Discretization

All space dependent fields, - stress, sources, andl disp~laceme int ate defl ed oil

a spherical, staggeru egrid. Staggered grids havxe heen i sed xvide y ill isot ropi
(e.g. ViriCux%. 19841; 1986) andl anisotropic ( Igel (I. il.. 1 99-5) V'D wavehield
cal culat ions. In staggered grids, the elements of displacemient. stress. and~
strain are nat defined at the samne locations. allowingo t In first derivat ives nfj hose fields to be centered in between grid points.. Onte to the antisyminletry

3
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of tihe difference op~erator. this im1proves ther. aCcuracY of' tl(fill lIrt v-diflerer'(1l(
calculation for at given space increment. tg

Thue spherical grid IS shIowT schemratically in Figure 1. Thie grid is defitredl
betweeni the E-arth ls surfalce arldl the (Ore-mnantle 1 oundry ~ ( ( M13). These
two borrl daries are modeled as fre-e Surfaces. To I mplemenet t ills l)ouidtiiv

conid tioin, tire guidi is extended L12 + 1 points above anld t~itlWte physi-
cal boundary, L. being the length of thle ED (lifferent ial (amid interpolation)
oIperat or.

Inu the toroidal Case wit hn constant gridl spacing inn both t lhe angll"lar arid the
radial direct ion t 1n1.5leadl to it consist eit schemne Wvit limit reqjniri ig addi tional
int~erp~olations. However, to link the two domains with Ii ifferent lateral grid
Spacing. interp~olat~ions are required at or around thed(e1)th of I lie grid change.

Tie f'ree-surface b~oundary condition

c~; p~ 0 at r- = 6371km., and r- = 3 ISOkmi (3)

is imnplemi ented by~ imniposinrg syruinet ry of *U_ and antI isy milum net\-y of the (Y.,
(oirrlonoeit Nvi ih respect to the free surface(s).

As Shown iii Figure 1. tIe ci rleents defined at 0 =(0 a re c Ie !(l isp~la~cemenit
I1 I arId the ( S teSS elenrenIt (7O A t 0 t1 the equtiat I iou of' mrot ol is sin -11rla
anmol1 tile (lisjlacerlmeiit field cain riot be evaluated. Ilowever. bysyiniiitry we~(
Irmpose 11.- = 7 = 0. Anralogous to thle. situnation at tilie free snirfilce the grid, *
is, ext ernoed L12 KI p:i i.- :'., Pe -- '! - , Ii :~ .)li i1da ,iN
(coridit ionl is Imposed by anit i-svmrlimetry of both Stress amnll (lisirlneerirerit field,

Thre Source region nlear 0 = 0 is schemnat ically shrownr Ili Figure 2. Our
goal IS to niodel point-source-like behavior. lo achieve this. sourCcS are input

ait a grid point close to tile axis of Synmretry. A dir-ectionirl f'orce would thus
result. inl a ring Source (pure t~or-oidal mnotion). The radhiat ion p;titIerri of such
a SOUirre is unmrealistic. INeverthleless, it allows iw; to stnild ,N 1110 del-(leperrdunrt
wave Jphienronierra where thre source radia tioni pa~t Urrr is li r-iehvairlt

The mnotivati on for chianginrg the angular grid spacinlg was gi Veil above.
J-. astrani aird 'lessiner (199-1) and Rodrnugues (1993) b oth Ii irit rou( r d FDl grids
with v'ertically varying grid sp~acing-. 'ondoenising the (cartesIan) gridh near. li'll
sorface byv a factor of 3. Thre stabilitY ol' explicit. Yl) algorirmý uns i ge~nerally
of' the formr cn,- j-! < coirsi., Nwhere cynax is tile MiaNinIIII %muir eloi IV arid (It
anld (IN are thime increment arid grid spacing. resluect ivel. I pemrdimg onl[thre acttial ve-locity model, tire time stecp hias to be decreased ill accordncare

4
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with the change in grid spyacing to keep the samie leve of MialbihYt. We find
a change of lateral grid spacing by a factor of 2 optimal foi- global imodlels
taking account of computation timne.

The partial (lferentials and the inwierpolations are calcuilat ed Lv high-

Norder operators of length L. The weight of thw oprat ors were ol aimliie
following the approach of 1-olberg (38Sy, The time evolutin is (cirrld out
Lv a Taylor expansion. Details of this type of FD) algorit lii applied to wave
I)ropagation onl a 31) cartesian grid can be found in Igel et al. (1 995). In1 all

nimuations carried out in this paper we use 8-point space operators8 (1L 8
f or both deriviativye and interpolation. The tImhe extrapolation is ac orat U.0
fourth order.

Comparison with other methods

Before applying ouir algorithm to arbitrarily he'terogeneotus iiiodlel we coin
pare Il) syntlieti c seismnograins with those obtained by an cyrcliiitl nwm
(D~irec.t Solut ion Method RADNI), Geller et al., 1994: Cuntiuimis (t Ai. 1 119)
lor spherically Synmmetric media. The FID grid is divided in to two (lullam us
with dept h ramlgps 0-320 km and 3Q20-91 kW, wit h grid sine, 20 IS x il wami
10)200X~12. rCspectiw(l;. The angular (lonaji is O-r and the ti nie inucrilielt,
is 0.3 seconds. The iii 'del is the isotropic part of lPREM (I )ziwonuiisi amnd
Anderson. 1981). 4f p

In Figuare :3 Seislillograliis are Comtpared for two epiceltraaid (ist ance., at. a
pieriodl of' 20 seconds. The source (tonodal ring sotirc) is at 2111t kui dept
T[~ o ýVe(rallI agreemniIit Let wee IIn i te ent irely (Iilrere IItIIt I II Iviri(.I Ii I i'chiiiqiis I,,

excellent. Smnall phase differences are attributed to t ie( discIet('1II('.,ý of' til
lFl) grid. whlich can be stippressedl by furt her gridl 'eiiliIi s.[li relative
anqiplitde of the phases as well as the waveforms are ml we! iiuefd lq tie

I low clues the grid refineineiti near the'surface i miifrovi' th lierforlomiiai I('Qof

the( FD schemei? To demonstrate the performance of 1. le suggestce d agori tui ii
we miidertake a convergence test. WVe compare selIsniograil' us ruil thrc iii o'' l
ferent simuations: I. Reference seismogram otaimied with a very dense grid

(5120 x 1024); 11: Seistnogramn for a 1024 >076 grid I II: same as IIL but with
a 2048 x32 refined grid at the topa of the a nodef

The algorithm allows us to generakite asynthetic G reen 'i- fe ii clioil whlich



wel Can1 later convolve with at souriice wavelet of the desired freqneiicy band~.

In Figure 4 seismiogramis are shown for thrl-c dlifferenit dorllniiiat period"; at a
distance of 630" At the considiered frequen cies the coarse grid con verpges oil \,

atl a periodI of 60 seconlds whlile' the grid refi nentient enlables tIIn(' clu lationl
ofac -ate s 1sogras (lown toit period of ;-2,5 seconds,. I'll( incr ease OF

C PU 61ime for the Siiitul1at ion Of' tVJpe III With respectI to type II11b il
However, this increase leads t~o at substantial improvemnict In iicciirac\'.

A further (lem~onqt~ratiou of thit accuracy is given by a coiillpilvisoIL wit hi

ray-dtieoret ical arrival I Imives (Wit te ot a]. , 1996) deterriniied for a 2-1) model
with lateral perturbations added to the isotropic part of P~REM. The laterail
S velocity% perturbations are showin iii Figure .5a. The pert orbatIS il'i, tieCO-

hierent down to i. depth of 2,50kmn where they arc tapered to zero. Tiravel t iinýss
for t. ie S ( 5 0j r ) p iaefrom thie F]I ) seismnogranius were oh t aim e I by ii axiniiiZ -

tllg Cr )ss- colrrelat iiii bI,%\etceii pertuiIrbed aiid Unpertur-Ibed Se-iSIllgramiIms for. it

perI~ulo of 30 sccow(l~s. C omparisonl -if' the travel-tifle perturbatiomis ob~tainedl
11w."se dill1rcivit a~pproachles or"' shcavti in Figure 5b. hesimwinlia' rati of

t lieDl scisillograonis is 2/3 secondIs andI the receiver spaci mi is 1 /3 degreeus.
'lIi iiaiiiii iltdiwic' ewe ii rayv-the~oret~icaIl and FI) t-ravel t one isF

I 5('oidi~.
smic(' thle dlireict. S (Smiflr) j0iisi Is rtiVimig, at I very' Steef) iiiigle. WC ('eJ)pect

iliiti-Vit!' 1I''' .. .- It'll Velocitv iiil1 itravel-thiii ei-tmilrballionl, which (ill be1

alilreciatced by coitpaiinmg Figures 5ti itii(h 51).* *
'VIe It I o h ,1 uU, w al, IIoliu I:;u "I faris w,:~efM and I 'l it in

MITmICerIid gives Its conlfidencve tht le' we (lll apply oil!' FD) iitt fiil od I( Iti(l\

Spectra of mantle models

Thle attnl of. t his st ivd is, to ilivfestigoti thec fiewimeimey depetideto ol' t i ivel

Iiiiws and waveforltil; iof S atid *S~waves 'for uifpel-ritiia~t iiiuifi with Iiaut
ed piower' sped ia and~ the inliplicat ions for the scille of Ilitliut le hieterogeiteit y

A s('ll('natic rejpreseuitatiomi of the power spictritiit ol mailami \elol~ it pi.

tirb-Iations' is shiown ii llFgiire 6. 'liw two types of sped vs sfdio%\ii ill th'iS
figuire (4 vpe I and typ)e 11) repri'erit extrivilie cases of lPassier ;mdtitl ii('ft'
(1)995), Th'ley Showed that at ititernuediate scales (l1=30) the Spicdt ri obItaiiii'(

bLv global and regional iniversions diffrbyi s muntch as5 a factor of I10-30. One of

'.7 6



helir Ia trgumi)entLS for the prcsenece of s IgIIifiihcant. inrI er II ediate-sealI cb I eogenIe

it y is t Ie complexity of loiig..periol dSurface-wave spectra (lii to mull pa it I Ii IgI
andi the associatc(. int~erference effects.

\Ve generate m models with t~lpc I andl II statistics Shmown ill G . De-
tails of tit(e mlodel generatilon are giveni iii tit(e AppeI)(ldix, Fl11iime shIows

5lrawtmdi miodel reali zat-oilns of, each spectral t~ype. (larN pct oIal 1vpIe I
((itlit1l5 IieikililY eoiit~iincI-scale leatiires" wthile t~lpe 1i colitami it~ a Iigilficaiit

'to test thle 'pech'tial propert'i es of' the s\'litlmt ic ummodels we a\crauei the

powlla( ý,ctra' or1 i everihl lVZ1i7,ilt~iOiiS for' eCih I vpe. Niuumeiical tests, !:Ikot

hat at leaist 5 power sjpectra of dilrereiit rea~lizationts have to be suimmiied to

acluivevi aim ICCUrirlcy of -5% for lhe decay rale. IResits are s;lilwli ill Figiure
'I Ilie power spect'ra. display tihe characterist~ic cornler Ireqiieiicv aiiid tii(

spccti ral d-ilye%\.Ili(i II wilb imposed il ic tuecieratitoii of' the ili ilel'S.
'2-D) uiiOdeis ofl S-velocit N ipeitimr1)aioi~is are obltaiilecd by ,ilperiiillpoisiiielý

wvclilii latuii ii 1-1) fnliititi weight eil IA' d(ie)t ,-le'jiiidi'JIt 01iit liugoii.l fiameC
tiolis. ijit ails hilhoill. tHe 2-D) muodel genteration are-( giveni inl tiel Appeimdix.
sect ionls of iiiodui.' ,la obtallmed are Shiown ill 'litmir 9.. Ilie ' -vckwil * pcr

1 irhabtiolis for aIll t,11e Siimmmmlat~ioiis descrihed behlow are tIlaperei dow\im toi Ze'o
])e, weenl 500tkiil and (illilk dctlml. Theire are noI latteral v'elmoit v prt orbl-
lotis hulo\\ (ittilo i depthl. It is inlijortaimit no w dw)1'ti. thea 2-1) alt mrhati(I

valiiisi miealu thle axims oif, rotational s 'viiiiiet ry 0- ) to avoiii fucuiiittv ('Ihots. *
'Ilce alrt ill !it.ioiiý ilrC inlipoSeil fo' () >H)it .

iiiOdie tvpis Just. desciibed. All miodel-, have 2 i) S volocit perturhtttlitoii

~iei 1i 1)g to iLecrl tvtt' V hicfr If 11'0111 Flgilie 6. 'Il I llihm~iliriiiii uuumflit ide ot[

I li S~- viliieit Y ieittiilat~iouis varies betweenl WA4 and 1 2W (loot -mcmieitiiuiate
%';O'lit ioln bICl at0u II 01 3.2W).

Synithet ic sC isinogranis

i: , !:(tI Icscisilcograiiiii for pulIitiil-itioim; of t , vhsý I aiiil 11 iihillc
to Ill liisotroplic p'ltt or' iPiU, with Ol e hdllowviumg seup. 'lIhe illmiaimt'1i i
S,;i)Iivdi illuipth b.K 578 grid] pointts. le adinuig t oil alelit Ii spacingl of 5.ttkiii, Tlie

Upper part, of' the man-iltle (0-32I0kxu depthl) is defined ont a grid oh s,,ize 2560llx 61,
\% ille the ilott~oill part, (3201-289 1 kini Cletitl) IS de-fl[Cid Onl a 12811 x7 -12 grid. Wec
foclus oil S and S'S phlase's, which are fiiqe~net~lv used iii global t~ociograplmic



sit I dIivs. ScIs I ltogridl sof lengt -1 11 1 1 iw 120001 111 ill(, s eps l w ItI ll(,I IlI'C IC] I~lt

di 0.3.ý ) arc c'alcullated for ep1 icenltral (Iistkinles 50 1 50" w\ithl iteee iver

Spacin~g o1)1i/3" \\Windolws COntInIng111 5 ilnd S,"' ariTVýAlS are ex PNr;1IkItd s~inlg
Ila ,V.tlieorit~ial travel tiiies. A simlulaltion with lieII il(,terincs dec,,ribed
;Ibiove talkes 1 lIllnt(e5 (lT1 I iml oil it l2i8-j)VOC( M 0501(N 15.

Sciillgranils for S5 dilt at a rece(iver saloipilillg of I degree iliii IlowilillI

F'igiiieO 10 fOr a diniai (111ILll )('rioul of *2-7 scoiids for (])icelt jul iiist ajoes 100-
IS5O" . Ill all silitiat ions tic \%ýviivel' Is Lite first derivativ(' of it( wssiio11.
hC si'islliogranlls Shiown ill liguiii it0 w(M' ob~tainied for a 2-1) rcalizal-ioii ol'

sýpcclria l vjies I (top) and 11 (1)0110101 for(IilhIQrclt. IiIIIl 1111.111 perloll-ihitioii

amilitil(10. lI lie toietc Sli\iet ~~llisadIheir re1ation to

I eimitic feat1 kilies tlic siliiil aild large ii'itiirbat~ioii aliiiplih~ides niew v represent,

l'LiJIoIs of' fittleV (e.g. cratolis) andiilhigh1 (e.g. dislajd-are( 1'et1jolls) tectonlic

ait sit \.

CilictrnlilIg Ie t'(tl phase we callji 111.1 tihe following. obwr'lvii1 ions:: (1)
I1½1 lilimlll 1\I)(p I tin S' \vý.Iivilori 1, cesseiiii~lll'v unidis.turhled forl 0 large

pulilorhations; (2) for 1110(1( type 11 (lie( waveloill)l beginls 1(o in ;ifleit by
lie" sit terilig for per'tiib1i lol iimijlitildes grealter dillu M,

(Ii t Ilii sao iii set. o1 scis~ilograilts \V.1 iXt.l'i(1.ti' 6 Vic Iidow\\ oilltI iliiig
I Ihe> phas."c TIisi' are1 shiowniil Fiii l'tre 1. I. For illochil tN pe 1 sliliolfi olisor-
vilatoils call lhe 111iad ats fo' the S~ phase. 'Ilie wavelot iii ill I In spihiericlily

"y.l~liltlivii ( ise tlii Hlilbiert. tril~lisOrll of, then' *' phalse (( 'loY aold liebards.

19T,5) 5, iWrdl lly iile(I't bY the \ieiojt\' pil-t.i1-liolt o ; cveli at iwmg(' pirt11il

htoni amplp1 it ul 's (I [2'/ ) .Ihw. I Ic li >waeo ll moh nn I , vpe 11 arie
Si\'i vdistor ()]I ho I ('m'. pel rbi1a 1011 l;li~I 11011PA I T/ siit wim 1101 ilhill t.111.

111(1St of Ili'> (0(1 ill Figure ii (bnetonil) is prec-11-ulsl'.
I It \\ doe."t ilii wuivelorill1 distaorl o lepi'inl onl the douinllili ant ioi ofhoL

waviletis'l ! [or loiig-perioil wmiselets (7,5 seioinls) tin sitiiloii oI s (juite
diili~reiil (,we Figure 12). A11.liouhllgitl c teeStill hS; a. i'oulvi'umilu dii (Ii ii't

hit W('ii'lletn two 1110(1(1 t'iyp'. tilw wO\(b1% 1115-I for illtodei' tYpe 11 are1111(1ches

di"'toll 1(1 laull at (hil d illinilt period of 25 seconis. We In i o jii i;ilit Is'Ii is

Li V disi11"C'ribii the' fI('ilIIvI~v di'pildcIr'il :cat terilig, ellist \%( Hli i t;,ii

wiiiilows Ill till folliiwiiig, %%1ay (1) I'lidi 1,1c Loin'e delay. T of I thu petltlirlaxl



phase withi i(51eci to a i'eferelicc ( PR EiM) wavelet.. (2) Correct ilie time

delay and flI( (ll (ii t e a scatterinig index s (7) (normalized ot-neci-uar

(lisp1)ihiCI('Ilt misfit III a tinic window of length 27', 7' being the dlomicnanit

peri'odl) aiccoriing to

Thiis prc'essinrg is carriedl out for thle scisrnogranlis Showni it) Figure" I I
nof11 12, [or- per~iods fromi 20-1 10 seconds and 50 receivers blotwcelc .50"' andc

1 50" e I c c II ra dit IiS tan Ice. The I eSult s are shown in 11 iguire 13. [For slodi t -;
\'j-i' I ( ligure LI, left) evenl for large iiiodeli pecrtulrbationis (12(4) (lie aver-

at'g(' WalveformIl distortionl (Ides not1 exceed 50%. In tlhe Case of' spectral type
II ( [igcilr( I:d right ) there is it rapid increase inl wavel'OrIiu dist ortioii al a1

peiodl of' Zý30 secoinis. The conivergenice of the perturllbed and liliperi triewd

%wIveloticis 1:; iliore rapi d for nliodecls of, type I.
no10..%. lm)", ii tia' 1l'.'(jlielI('y d(l''leIeI((' (of [lie spec'truin o[, S> Iavid

W11 1)iii1pertbiirt ions iitýISn~rod at the surface. The niodel 'onisidiired is of

iiccr~ tyfo 11 (see FiOnit' (i). TheINaXinIcItIII 1)cetIt-i'l)tioll I aiiliitl('~l is

WX which is ;I likely iti(Li'restimatcii( of Ihe stireingthi of' hiteterog"ienit Il Iii in
liiieV, iciciti Ic' judngedl bYv results of0 u1' Sil;Ce aVe toiiIograjclIv (e.g. '/Ael mis

acdNolet .[9

Tihie dense andi i'igiiin' tecceivet' Sciiipling (I /3" betwecit .t)' acid I StY
,iiliws w; to achieve high accilmniw% Iin' O tira\'il.t icin'specc' ma;iliccmiii

Sci his W1 31)0). Thie traivelI itniis are let erinli)'( ted ,v I Iaxi ii cIIIi z cmII, tI lI c ross,
coi-relatil honle wicli pei'tiii'hed anld 11mmpertctrhed S,'S waeoi F racvi' I te
aIre piikeul irotii scisiiiograitms of i lirce diilh'rect (Iiiliait ia rci ('27, rit. anmd

IN[i 51'(iiil5d). MVximjle shiown inl Flinur H'. Whfile i lic is overill ;
goodii coct'('iatilot ibetwcen li t travel timei residuials, thOw to('w( to) 1w hi rpcr

;11kd( show'. iltllc' dletailis att, shorter iperiocis.

Toi iclit l 11111 it itlii'ustilt s for Owii traviel t~imeii' 5)i'ita we' !a11W ptmcr 'ýiccii;i

fromc 5 dififerenit. r'eaizjatiotns for c'aclm of thri three h'iv~ciecilic m hands consul

CIVIL. Thie decaYi rat' of tih' Stacikedl piower' 5ispci is iel'iicrimi'ii he' h1iii P
a hule throughl time spect.itun1 betweenl iuurciiociu' di ie"ts I -- 201 ccci I - ditI.

The( resullts showim ill Figure 15) (ieiionlstatc' ia dcim lnatcc'cic . iicpecif'ciice.

At high frmjetueicies (dfolltiiititi peio(t'd 25 secontds), time travel t ccii' tesiditals

riflecd well die piiioietties of' the speitruinl of' [lie 11mcnherlyliiig vi'ioictl pcrimc
factions. I lowever, alr'eady at. 5i) Wcoicuds lojimlitmant. peiodiu Ilii sipci oi if thei



(Iec (iy, is nearly 2 poer different from the onle ini the 1model ( see Figure 8).
Fu irti hem ore, the spectral corner is shifted to lower hlarmonlic (hn-egs'. whmjeic
is e.veni more sigimi licanit at a dominiant period of 10(0 seconds.

At I =100 ( ý'I001mi wavelengathI at the Ear-th's Surface). th e Sjpectra I
[)owei (letl.iiliQ(1 at. periods 2.5 ani(l 50 seconds varies by at factor ofI ý10.
This clearly inldicat-es that for time model considered ill this exaiiiple. the
spectra of SS5 travel-tione residuals; reliedt the actual spectral prope'rtijes of
the uipper lanlt~le onily at period-, close, to or- simaller thani 2-5 seeoiids.

Discussion and~ Conclusions

'lImeZL golof this stUdyýWai 1canalvzc kmill- wavefiehd, synthletic seisiliooagmisl"
for raimiloiil tippe(iiiiai~lde imodlels with specified spectral properlties anid t-o
liliv(stmigte yl ý11(' eleicv-(leJI)('ii(l(ýimi. effects oil waveforums and travel t imies of

Thie sym itcstudly we have mlimdeitakeii i's statistical illi natre anmd me.
quiirc; aI iiiiiiilo'i of wave siliiiiilltioiis lo) be cavriiedl out iii ord1(1 to luclimi(v it

"siaide csi ujijate of spect~ra. ihierefore. a;m ellicienlt forward t'dleelmn 1,u lv
iuig Its t~o timoiel coiiijilete seislinogranis fol' arhitrary lmoimmogemieoiis st mict 1ire's
was i necessiaim. Acc mirate 3-I) lO~bal Silinikitioiw, with1ouit asuij on l on e
iuiiiplit~iide of perluirbihatons are still too expes'i've colipitlitat-ioaialY. We coun
prluioiiis ill ilsillit 11I) apo~i~ixiliiat Oil Iio tin wave c(plintl Ill spher1)icial 0n
ordulta~is wlinre ;1l fields are ii:ill ,. 'I his 1c;";, io al I ) osublein
Wli cil caul In solved ~lhiciemithy onl present (lat\ pain tel cot eti cr5'.

\\u (Xt.ilnedh time FD) algomitlll fu tnvsgested bY Igel and \Vlni I t!r to
grids wit Ii \'erticallv-varyilig, lat,erad grid spacing. 't1le grid ntijoientil owar
te I IvI s surface is necessary-ý fronli anl algorithiliit poollat ofview (tile arc.(
clength1 ol lime agullar. gridh iilcreiiient inicreases withl dist monec fronllth le ('i

t~er of tin ispliere) anld from velocit ilioulel comlidoerut~iomis ( law \tlocii es il
the crust. anld lit~hosphiere requil-c Sinallei, gridl spacingp). Tll change inl grid

spaing, has teeii illmpjelleniL, itlnsiiui a high-order ntuluoximiaul Ol, 'I 1 litrl;I
t, *vc ttvmIi hilayer ('j 200kiii) xvithm) I~iI'hi(l gr'idl spacin(g lead&s 10 no1 ahUlj1i iOM
3VIll c~oliplil'atiomm tiliiiu (als commmtparue t~o a siiiiillatioii withii 1. wietuieiimii

I Ilokx cv.er, t~o adliiev tHie satinl accllmaCV witlouit. grild reflimeliieuit siimilt aionvs
ablouit tour tliiues hioiger wouldh hiui' 11(511 IVIC(55sa1\. 'Illis V; criciual fur t.11k
stnldY wvhere time investigation of ranidoml structurems aind their spact~ral prop
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ertles requlire~s lnalvýsinIIIIl lllat IsLo be carried l it;.ieiatl lesIIJ)i

tailt. i11 111,1113 aspects of geodvicais (e.g. mnamitle convccltion. ,4111 01lct 1011.

hot spots, etc). III severall stiudies, col~lhl-liolls abolit limailt Ii' ('omclivIon were
drawl)w froml 1)00ev spe(ctra¼ of' globlod t olograldiic Illodll'ls Mu. \Io n otg.'

Mid1( holitiiiioto, 1991; Nioltapilel 1991) Iv (vveil (liiecdly lioun the power spewc-

tra of, SS-tiavelt~iici residuals (e~g. Su and( lDziewouski. 1991. 19!92). In1
al recent shvIiv 1o'ssier. and Silieder. 1199)5) h1iglilipgit edlie liserpanlcy hec
1 weei t lhe Scales of, vel1ocity per't lirlat i0115 obi1 ained lroiim global and regionlli

Our svlitlI(t o ic IIodll~l g Suggest's I hill as lar its S, S.'-S and ."'S- S st'ldiesl
ae(il C el~i'i1,1led Lile (lisciepanite~is r('polltcl 1), lassier and Suiemdoi ( 1995) arc

alt le1St. ill 1);Llt dinto 1 lilite4-cfr lequin v ('11(515 of Wave propatgat olo. If' the
Iim'av61i'Lii pert.orb-atioiis (ilsel-vuetlla the Erts surf'acc do not. rellect. Lile

s~i(e of titIll i1(edlvilig Iiiaitlde, it i., lilipossiblel For (elaV. liime lo(iilographyl
I() Ilooul' Hite o\\el sýevt111111 ' ljisitleý Ileteio"'clicit' (]i)I. colk l ýiliiilhiI, if'

plulasc e-'lo(it i('5 lwail(51 i'lalong the Flarth's slidrlae do not refle~c t hc li et.Ails
4,1 tIc :,tuiictiu (d, 11w Illaiutl(' blwual I. 111,11 detilil c;1 1!ý." 1w overeI'l 1)v

1Ill-iltloll" preseut ill Ill- upper Iiiaill I(% I n11. loIlut, 1,L) 14055ildr ~I(4siii
I 'chimiic"i' whlichi shouthld he' l154' ill colibiihialioil %%it 11 1 rovol I 111w IllI(Oessi111g
wholoj est uit zI d ig Ilt lc powe spcIn'ctrllu of miiilii le vu(locItY 14411 Itlil ioII5, ( ; idl
jlllll~ýolsun ( It99GI) studied tHieff('Ih it' o lrqh('iclc v oil wavhi'mil (IPltorlt 04 arid

tri1I\4l un'sv:. Hie concluehid Lhat. fecp'nlding onIh('1th blninlwidd h walV'b4Iill

(listo(lt (io koulh be Il' ilior \%,)ile, diffract~ion elh'ets oil timillnp ale( sIgiilifiaillt
HIis resuohts alill ollr wvllt,Iuetikc uuodHing SIIAgesd thatl eVCIiI tli01101 WMaveloiii

(e.g. l'igilre I I).
Tle' jmm ipcr s 11 i. ill lqigur I5 dletiollst ra;te t hat, ti w .l;11 ioieri't Icii of,

thle iowe'I spIect.Ii l, (I Lr(tillvek ilili i(silhilal Ii' :A roigbjY h tir\e (lefell

denit.. Then Slope of' dec ay extracted h-ou t Inhe mower spoct rIl~lil \';rlo ie5l d11 in'
fre[lIuImc\ bi01(1 ;It Whilch t H IOIV )AC sJWCLtuliu WatS (10t1rn16110(. Flou CX;alimuple

;it ito'ond 1 100 (il (hf10kiii wav;eI(Iiat I), t ie 1)00ev. sp)11cIIIil dc('t.e11 lie alt
2.7 seconds~h (lomilimLt fI111(idCIU1! u011 0Lll~ OOVIr .1,1 i



o)11( c('t~crIiltClle at a. dlominanat per~iod of 50 seconds. 'I lls; Illjlivs diat (,oil

cllusio)s oil the scale of inaiitle hecterugeneities froin long-period seknriograiiis
maY be crioroliois if' these linlit-frequency effects are to t tiaken iti1W accoluntl

Our result's stuggest, that, the t~ravel timne residual spect.iO; kterl-1jileil by
Sto and 1)?iewonski (1992) do niot reflect, the Scale of tliitjantiiel epoIlic lecs,

Ill JIMit it. laSt (ILIV LO filter'ing Vfedlct Of hiInitV-fIV(jIul'I l'v Prpip , atloll. and

thlat Owe specti fia hy eStiiiiated anl conllpatilble with Ii nuolt e Iiioilels wit.ii

cole;ideriahlY V ore enlergy at nit erimoediatec scalesý.

two dilicieisioiial Iliii c(fleets WC V lfl'sib~ed ill this IMal I~l' ;1V(LiIIO(v;IIitvt\l''v

decibedili'. For 3.I) titiudels \Vith the SLM1(C SI)((tt'i~lllO~ pocles Wi i'X ii t Ilie

A cknowledgemenits

liiio W"((N hSl) at til lustinit ule Il~l'tvSiqnuIhu (11 Oldo( de P;iris fuwr "'vii'lt2

hiileld ~ liv OWl NIKR(' (;IialIIt ( :11/100(fi). Wek Oil g2,atchu i 1k) i (Ph i iiii

ýlii ckullotli the t)SNik N eisilogianu F.t P(1- and lAil HtIn :cl tllt I~fl liix'ge Iw

10111 II I .I
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J Appendix: Generation of velociy perturba-

VYc genecrate 1-1) iinodels NWithi powver spectral propI)('tics s.iown it FI igure 6i.

UISi ng t.im, I.(.]atitL I I bet wee I I wave I uII I bcI. k a (I II iirIli-i et)i ~I c (Ic I W t' :- 1[1/2.

R beinig the radius;, W% (l'dscribet the aliI 1 )itilde [('C asIL a. L hiiietioii of
l1,1r-1II)IIIc onder. jel1 i -htiii l))Is arc tIIriIl iihti acLordi)i( g toI tlie definled 0

spoe c ulinn1)1 11(11 d(di Ie ) N Foleetaid liet.Il eIl Iiafiiiite rsi e

j~iiif(3) iiivcrst VFlL to0 Wehu tell %Vimc t d ili l ret t djitiiiljl,, 111(11i

(4) ~ ~ I: I.al h, deie .xlm

(/5 () mo ul pcii i L elLl-ba 'iolihtui. NV11(1 IL, prIII'bc fi ict pll. o ~li, iipIua o

illI) olic Ilaintioii of~Li~~ 014 pap er Ex mloi O ft III H Il~l( IM iOi i SlIC'VL110 l l digire9
wav l-csho it il Fgul, 7.(Th an lonill:11 !,pwrial ~mr~inaes mil

1w it) pi-t-dolille Hit' Spherical hal I li a8 i ltll p c''ll ld d " li lU

Nvitllil ca h d gi-e raidoill allongallih; rdvýýI

11) he llo ol.ý lwre 1-calstc. llc helclie il dc t~li~iild odlced

-jtllbtiw ar 6eghe wit Ih 0c 0hepi 0eoldl 1011



W\e use m 5 for all 2-D models. F'or spectral t vlpe I the weiglht,- ill c'(ttiltio,

(5) arl' w1 =11'2 = 1.0, IV3 = 14 08., 71 • 4 ' ().4, arid for spectral type

11 all weights ae urn ty.
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Figure 1: Staggered grid used ini the FD scheme..At the top of the model Ilhe
angular grid spacing AO is increased by a factor of 2. The radial grid spacing
Ar is constant throughout the grid. The Earlh'ls surface and the CMB ar'
modeled with a free-surface boundary condition, At the level of changing p *
anigular grid spacing, L/2 levcls of interpolated O-ro conipl ienw ts have to he
adde-d to connect the two domains (L being the length of the space opeuator)
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is at the surface. The model is the isotropic part, of' PREM. Arrival tiun• of
some phases are marked by arrows. For each frequien"cy hIa;nd three seisinlo-
grams at an epicentral distance of 80' are shown: 1. Reference seisiliograil
obtained with a very dense grid (,5120 x 1024); IN: Scisinograin for a 1024 x256
grid; Ill: same as II, but with a 2048x'32 refined grid at the top of the niod,'l.
The accuracy of the surface waves i:s consideral)le iilproved by the grid re-
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Automatic selismic; event recognition and later 1)llaisc (4

identification for' Iroaci-ijaid selismogranis

0.1 INTRtODUCTION

iiWP CoiitiiinOIiS S11eaiii of data recorded by a inoiiemi 1iJIig-fiddiiLy seiSillic stati in

is oniy tislill whien tihe poitiolis of ticIcrcord l.ssncidted Ni~th (iifei(ilt VecIlts c;II

1w isijialedi forl furthrc L~alvaNSis . Slosequeiii ilnterpl~etat oil dtleiil. '1 oi('~ l hclw

"tiatioji nietwork all atppjoxiinatec ckitssificailoll of' ;11 cvent ill t enils of' cienoct lii

(listalle, aitilil~kt i ad dep~th call provid'ý a "(iod st arti" jag jo t for1 ietilliireiin 'd

event localion (seece.f- Ke~lrictt. 1i995). P arteiclaIhIv fni ;I sparsiý g l wi o Al wul

is H auiiie for the 11o illit~orin r JIg of p(Lch~eillsI~c listý kI ii rict y, th Ii ipia itv (dIh

Winiial locat~ion estimiate is clitical To the, qflulie (0i ,vrlit ch iiict,ýiý.IO l 1)1 Ill soici

;I Coilt,ext, it is vl VIY liuliortailt to) hei ab)l to deterilliiiui X ý\liiiw thic ii iulivSiId t 'Ii

it diffeCrent stations are likely to flav alriscul frontl a sinigle cvi [it or horni two (it lIIII,

geographiically (listilict ('vent's ill ;I lilllish t ill)" peimii

The proce-dure describedl here is desigtied ((o recogn1ise tile ])atterui of atrivais as

sociated wvith all event from a sinl]Ce three-Tc0lnpoulent broa~d-h and recOrld aiid I('

provide it preliminary estimate of Otce epicent~ral distance, de1 )tll arnd aziriiitll ((o

that event. The method builds oil tile work in the previous chapters 4 antd 5 xvhcei
£17



6.2 Recognition of a seismic event

wve have introduced an automatic systemn for seismic phiase dletectioni and analv.sV_

which produces, in real-timie, a stream of phase attributes characterising each d1 -a

tected phase. In this chapter we show how these. attributes can be exploited wit l

the aid of a new aultomlatic reasoning mnethod (the "assumption tree'" method) t'

combine the information from many phase detections to florn evenlt s;eglenlts wlo'.1

canl thlen be chiaracterised in termis of the properties of the source.

(6.2 BECOGNITION OF A SEISMIC EVENT

It' we, are to be able to characterise portions of a seismiic data st-itcam inl termns of

c(vnits wve must, be able to:

(1) rc:ogttlise el at ed Seismiic phases as comlponenlts Of anl event, and

(2) pr-ovide possible interpretations of the nature of the phiases based onl thecir obser ved

atriliutes.

As a voki i iig (lefinit ion of a seismic event we have used lthe expectation that thl er

wvil 1b e a muntiber of P' phases followed by a n1.111mbc of 5 phasees dutrhing a certain tinl'

i;lt'vu sy 20 mluiiinites). TIhe proc.edi'u sl'cO(,stell fin rimpi ei 5 provide, a nllc~iii

of' rioIlii the (al;Lariac of telescisiiielic halses illI( ; 1i1i: of P) and Sý arr.ivals; nsiiiý

1(l eýXaiiiplu, the 'P ;111(l "; detectionl scliciiie base~d oil thu eilntivc (list[ihlioil ou of1

ivig ill thr va-vefruii11 betweenl tin- vert ical anld hloizoumt;1 ciillipoicli~it s. I loWke%

"such il inlciejuilrc of, wa1vefloriui e11ai-acter liih tO 1ie Suili)jjlIljf'iit( Ic Yl ()I I tt riii11

siugs iiossilde( idlentifica~tion.is for th~e seisliulic lhiiis. Il ii 1p0) it- .5, we Ii,1%

"llo~ili'1 how a wavve[oll Srmim etielit ass:itcd withi plla.se (ltete himn ciii lhe spun ih.:

ill termsl" oft a set of Paraneters based onl a nmioulel of' ( lie seismlic %vavuitt. hI'les(5U l'ii

p)ýIrau11(i.(ui; nailt thlei bie used to e:xtraci. liv, attiribials for mcaci dctcl cci( lihius''

fli t~ur it h phase we woulld ha;ve,:

I ) t'- the arrival timeif

(2) a, -the amplitude

(3) v, -the local frequency



6.2 Recognition of a seismic ev'ent 1

(4) j, -the azimuth in the horizontal plane

(5) V - the angle of incidence to thevria

WVe can represent the streamn of detected phases as a collection of spe-cificat ion>'(

ph~ase attributes,

(t, i+ (t+ 1 1, "IA1) 1+ , V)q 1 ) ... 6.

fromn which an evenit is to he constituted. Thus if there are A', pho~seq detected foi

presumed. event we have a set of 5N,,V1 features (5 attributes per phase) as thre input

F I to the classiication process.

Thle pattern classes we have ,to recognise are seismic events, anid since. (differenlt

epicetitral distance or ulepth1 cant produce totally different, sets of' olbservtc piasr.-,

We will endeavour to Classify thre events by range and de2pthI. 1n id, C ~~toj piov)Lidr

recasonlably comnprehensive Coverage of p)ossible wavelields we work with 9t0 poss"Ild,

distances (dividing tlte range from W~ to 18~0 into 2' intervals) anjd aj selecCt ion

41 dept Irs (0 kin 100 kni, 300 kmi and 600 kni) as ini the uasi ravel- ttme tabl,

IKcnnelt 1991). In this waY, with 300 p~attern Classes, we are, a1le h) provide cli:-i

itcterisation into SMhalow, illterniledleai arid deepi (e\enth and to providl ;ktee il)I

samping f th depndene on epicent ral distance,.

The pi dbern of event recog-nition can then be viewed ais a e~'~lei o ri

ini a 5A,, diircensional vector-space, with NO) possible dostiixtat ion lkisos In ijidi

it 1rinileri-S a11id tecom1pleXity of' this probhcitt weu have IoIe~Iri I I11A 111 1,11i1

soninariti s extrucetd front the ol served data itayli dVii rtU1lI (e tI 11, 111C AP'I

noise or 1ieomipleIte (e.g. the amplitude may lie helow the detection(Iisio'

each of tine 360 pattern classes weu (.;oIII ert cornple, itilforrrlwl iii f'Ii I!

lhe pitas, att~ributes for a hr oad range of posile hses uisinglie 0 if mp!)l 11idno I'

Ilowever, tite IV,, pluases wvill fr-equently r peet.only a stibset of' dit possible ui-

andl so Nx will he faced with a classificationl based ott itneotirpilet dat a.

One ob~viouis approach to the esent classification prohlertt would 1e to set 11li 36;t,

niodel paitternis and compare any set. of observed phase attributer; vw itl all tines,



6.3 The use? of assumpl~tion rL tc8 1

__e paten to find the best, Iatch. Th(piws a;10caJ~tchI wj~ ;Ij [('lii cIIil

phiases msbeobseirved b'r ti.nt c01111)illat ionl Ic lbc idelcit.i[icol wh~ilSI t Alivi's ui

or. Iniig;it. nolt. he ob)scerved 'Flhe atltijitites uli ial pliam i)iiL-;( iittio beM) 1l'',aul('( I a

hiiviiig' (lifl'eticii('s il i gi (fic l(ce, siillc ,"' . tlit I-cldAtvc ;unliit.ll1c5 )f' wia :-~ ill

Villy (icjpcidilig ti onl( (10)11c ol]c 1111(haii"Iilli. \\~l' the collilpa Sa,(l Io %i r cdl I lie p~liacI

I Iull"iiii MA O Si'il-,1\'illithilil)S IX] IcOl~ ie dol id ;Il'iit

wiiol td-,uc wicth l al c5 -X I (i(I ',mll c kII p l 1 1w t .stIl lx l It Il ilt Il101111 liI

Thi!;hh dIi m jied 11 spf cIiii.; I lon (- 1'l' lihld iil~ r~Ici Il (wr 1211', c w imhit,!f no :2''

I ~~~~1(11(do1ia 1 ASl.Iii' vally wtil ign hssl opit't:1 Fm cxly it I -t i h) 8iii 1;ldii'r;1.

0 0



6.3. The use of a~ssumpt ion trees 10I

Tiable 6.1. [1.5 modcls and rciutcd rangcs

P.S uideut'ty Time iiai-rvad rang- (niiiiris) Distanci1e I AlLI)t

11-S 2.18* 10.43 12- 85

I' - SKS 9.37 -10.65 82 99)

1,1111 SA' 9.39- 10.693 100 121,

IT SICS 3.0 -)1 7.22 82- 129

IT' PS 9.20) 1P.1- IN 1275

P110 - KS5.S4-7.1 111- 1413

1J'101 SKJO;t 7.97 -12.(G6 126 1 SO1
1110*1 

- 5 20.05 27.00 136- 180

1'KM'IN 3.3105 I 3.61) 126- 141

01 tlt, ofthe LI 11aiici, to ohf~riji tile ost~iljlatiolll of' uiel~itdltai (iistIIIl~lI C'loi a s-1lf11d(

c(YrMf wc fIEiv LoI id"In! 12 at Ic"st, hv p ihases -we cail Iwo L. l . djffecriit i;1I

1 Illi flet wcll I 1.lc( iIdoltiliud~ phfascs to) (eterlifi~lle the ClistHalwe. lIn ork tot mahke Ill,

I0F1CCS5 tILMIANli( WC ak a Set o1f hypfothleslt about the ideflli t ics of lwo observed

jlh~lAsu. ThIfis wo suet. Ithe jl.St ;I, h~~ 1( theC firSt '.S phae iia e;Lll

PL mi ' ý asI) I 5 f5im 155(ic ill (:ijtI I \ liiI' I O SIHI tilf. 1)011 lt " IfI

with Hw til 111)4. cIilitnhiIV (A).sc1vel iiulibiljiill.ioI,ii (d P i1101 '[ i ýsI dii fel(Iu

cpWev w~di ell"ff ,ti e o 111 - finTirs Us the. firlt. st(a'e of f 1 1()It ll tIItAiICIuI>~;

soic! ,) degree of S oveiIfI between the oil eaiLve (listallo iiitcivnis fo ilw iiolstiiellu lI

illS dflals itial treew strutue 1igtiret SO .2 C0VISl)4O~t a1 strict df 1111)1 h~~il 1he ill noIc

will ~ ~ ~ ~ ~ ~ ~ -o--.heilO--por~lvcjoildol 1(plel-- itu 11
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of 112:2o1lth tree is actuallY miore than 360 whilst the tt~id:u o1' difleit:;,

the niew stratecgy of ani assumption tree based Onl thle Stticl to (: lIHo-ltdIitd inl Figotl

6.2.

6.3.2 Ait assumptiou tr-ee

Ilelore Wc lilI1rodIC 0111 ourassuooiptit10 tree" We will briefly review tot "decisioni ii

strateg-y whlichI is ficequenitly used ill lAttcrni Classification. LDeeiSinii tXies' USO it

Cqen~t~ial dec~ision Ilakingc( Strategy to classify a vector of featoritl Al. citch loroaiichigl

poinit inl a decisioni tree dhe branch) With whIich tile fea~tulre VC1tO HrWill be iUSuCiiat( I

iS tIA(letciiiiid by the eva~luation ol a test. A commnonly iised te:;l th(e Ijyporplim

lest. ( L 1. Brilixaii ci l. H)Mt~) ill wh~ich tile featture vector, x k Isictdo with r!)

loi liv f1~~ lilfdan ill liloitci silacc. fThe bl-anch k. thenl de~erit--iiefh lvh wlichlid

flt thelyperplidau x lies, leading,ý to a bhitacy tree St~rtctttre. lPuildiiip,, ;I decision I

e(Ieitt6i1s lie coiist Iti ctioii (of ap)i upti ite lty1perplaimes t., Ub iv 1 b~i lii ti i i; poitlits.

In oviiilt svo Ill t'ti5t O 111111 hiaih tive.i s c lsee I ticgure . th6:t-- t, ).lcl ý

it J1t(1 il "ILFAli ptiol f p sible lytt feesld ý1 ;l ý( tt iiiit9 l it il t.lit" lfe 'i- l. i lS; Ii:

ns4111iti i 'm ( txc) is the !.1 ( tioc & ,iasit an ;11 onti" de'l (li't t ill vdli It I hv

levelchl~e f the jiiriato ossists oh u tree, olserteil d;tt lii ;lv ;1Iil ;l~ iit

(It(! illti i t of will ih itc all joliiiu: con w-iil tuion o ith paril: I' .l' i l i 'iit dl w

to il iid tIludl s ill e auth t~luu lias 11ei;schice l liosF on t-Ie ii1tt 1nf Attoupto Ilw 1-

from the suminliay of' expert I: iojgc hield ill ia sepIo te kit v kill'e lo. '111,

iniform athioi package at a nodle is exatnuted to look- foi an; coniitvtlict~or results. 11

W,0S 0 -pa 0
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6.) 1 hoplcrncniatrzon of the asuphC h-cUrJU 0 (p !oceduIrp

anly (onlt~radictioni is found dwl the1)1anhi llg asoia5~itedI with the iIc(i iit)(lcl[ o will I,

erniinat~ed. Otherwise the branlciiiig pror'ess will coiitiniie froiii III'- node analld

the elvaluation of further Iiypotheses, A-t am. inode, the new\\ I nftni n i odlic:.l1
huoin the hioowleclge han-k may limit the chioice-s for- otilicr currentlY unide~termin-i.I

factors. As at result the pattern o[' h[ ineh ilt" at a nlode will (leelwil onl theen

inlformationl package. \'V0ien no0 furl her assunilptLioi is are to 1 e tested we( reach at kle

of ill1w tree repre.entingil~ it Sol it ionl 1 sed oil a set of itypot heses alhont the facWtoi

describing"' the daita.

TIhe difference. letxveen anl assumpnjtioni tree anld a decisiont tree( is that, at, e,ýld

sterp ilie, decisionl treeo i's coiist.rnct~ed using, a specific de'cisionl crit erion kioldt

vwlciciue; inl aii iiss~liiiijtol ticee h uitntoidpnso h etn flpte>

Il illte (heIifiill tim'o st~raliti; expcert kowli ilsed to) dcltcrliniin which himlichi t

cJ(o seý, w bileý'1 ;iii an 1111h i5iiptiiiii ( Soi)) sh(' xpeil kiiowletlgi is ilpphild to h'lliiiit '0(

;I braiiichi ;issoc~iatcd with a p)mn iciilai pieiiiis A deccisionl til is I)](- lesigllewl,

I ho modin a 10wdeson eritclioli (ml(1itioiml kolde cfirs iohldhgIi

1)0(111 addl ivi, i' c :L1 bil cio i ISh~iJlh i'P I c(Ih l)I'\ lloii '

dl mobol t l it hh t and 110 it~l 11iq0 1);1111 4 IL~i~ihC;Lti1ii I ii 'iii i tll W~it iih I

lm Jdll-cf~iim;tocis; Fo isw inch smmp iellic( 1)1(,l dw rI ut-i

6.4 IMPilLEMENTAT'IOi N OFl' THE ASSUNIPIM '1( )N THEE, 1

Gi.. F I~h~s l(lt.:t~itl aind Featf iir-c cXt'c-artiolu

Ill th:1ictt i .5, wve lmas tesoilosl ;I Ihtitiltli (df tiliiiiiit bl t~ii Ih le Itoit ii

4,Xti1;h itilpaItihi culaui jot tlumee.t(-ompmwwte i(1oils. Alsodes,1(11i it .ilii~l

hlr piriscs whose siialI-ios 1(.1;1, 111em tI;ii11 olie.

Ill the. alpplicationl of thlese techniiqnes to thec problew cf wevet identification wev ti.%



6,4 Imnplementation of thc a~suimptzont trcc procedu~re IOT

totnsre thr- t the miaximumn opporturnity is made t(c extract tile relevant. jliases- 11.-

first stage uses a. detecCion) system based oni the colnpiexiv IMeaSure to detect h

approximate pos"ioin for a phase pack-age. Then the oiig-inal ,-sinograinis divided

into a. number of' segmenits whichi contain different pha-,e pa7k-ages for each of whichi

the localI frequency-C can1 be estimated as described in chapter 3. Each seismnogrami

segmlent is then filter-'- luto a high-frecjtiencv trace and at low-frequenicy trace withi

filter parzameters base:i. oi) the local phiase frECjue11Ncy. Finally, a set of (lctcctions arc

m1ade, 01) b(-l], dhe low-pass and high-pass filtem ed traces ushing adaptive STA/LTA

cletertoi-s which conibAim eniergy mneasures on one or more comnponlents of ground

T:10! vo - with- I locall freqluency anialysic-. To simplify the input for event idemuini catiomn

v~chloose to de!tect onlly the first phiase w.here there are complicated phase packag-es.

rO InI order to be able to gYain 1 liable informlationl ibont a phase we wanit nIot only

to dc' oct the, a-rrival but also to characterise the phase in terms of a phase vector

CODnpris1ing a summnarv of the information mai the arrival, 11v filtering7 s~egment hiv

segl.ui wem WVAvi probl-:as associated with a 'vidcý variationi between the freqjueiieiýa

17 1the thlreý-comiponients and by ims-iag a o mmon filteringr for altre-impuen I 0
Ip we c meliahl it': of t lie phase veci I r iii forma1t :ion

6. 2 I' enrnressaiig *- sep~aratimig relevant p bases

'. ebap1t Cr 5, 11 have. shown that P or S charactc, c~i lhe 1 c' I~ I ito cktyt phi. tý 1)10

hI am .:o onl the relative strength of the enem gv o;n the vert ical coimponioiu comport I

'tl the, total erie'gy oni all three copniolerits. Vor at telesnsmiliie eventita det-ct el

phi.se 'which hias ,-.,re tlmxtm cue- third of its, total eniergy ow tic vein tcal compemilemil

canl hc recnunised as at !P phiase' , While utlheew\ise it will bec assigned as ait "S plmsce

ufce at)I event oii a seismnic record can be rec, nised as a inimber of P phasesý

followed by at+ least one S phase- a,.-] possibly a. niumber of other I' or S phase.'

witbimi a M0 minute wini,,l. at seismic -Veu.ýt -,-Ti be formally represented as:

(an evo.s-.) (first P p'rase)(P phasc)*(first S phase)((S phiase)J(P phiase))> p
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(;.6J Implementation of the assumption tree procedure I0'

where tile notation (X)" means that X may appear miany times (including zero,

while XIY means "either X or Y.

This event definition is used to assemble a set of detected phases (and their ass,.-

elated parameters) into a list which will be used as the basis for event classificat i,;

and further phase identification.

6.4.3 Seismic event interpretation

The' system of event processing is based on an assumption tree with a similar struc-

ture to that illustrated in Figure 6.2. The assmnption tree grows at rui time as we

test a set of hypotheses about the observed seismic phases, branches that lead 1,

eoultrarctory results will be terminated and not grow to leaves reprcsenting a vial!

event classification.

(..;.q. 5I Stage I - Cfoirc of P-Sp-7r

I'The ml inl information packag•e con iprises the s"t of inform onli n ,o the detect,'!

phases at the root node. Nine stesn3 arc then grown to child-:toides re[rc.lt Jr

different assumptions about the identity of the combination of first P and hrsti

h (as indicated in Figure 6.2). The conlsequences of these assumptions are t 1,i,

tested against the expert knowledge held in the separate knowledge base.

If the_ý assumption about the P-S phase pair is true, tie event must lie \witihii t1.

dlistance range for this combinat ion (see 'Fable 6.1),1 and th d ifflreticltl 1a ti me henw-e,:

tile first P and the first Simust lie inside the possible f-S time interval. The possib)l
distance range is thereby reduced from 0' -- 180W to the distance range appropnial

to the particular choict ot phases. The observed P to S differential timr can then

be compared with the expected range for this phase combination. If the observed

differential time does not lie inside the expected range, we have a contradictioni

of the assumption about the phase pair, and the branch of the assumption tree k

terminated. The phase pairs in Table 6.1 have some overlap in differential times so

I ' 1



6.4 Implementation of the assumption tree procedure 10

Table 6.2. P-S pairs and related feature properties foru icrthqaL(tcs

P-S identity Expected featu'res (I)I
P- S The frequency of S should be lower than th, fi,,xcxn y of P:

P should not be too steep (as PEP):

Ithere should not be any v low frequency S plhia>- Iefori' tLe S.

P - SKS SKS should not. he a high frequency phase

Pditr - SKS P has a smaller amplitude compared with SKS

PP - SKS PP: long period and shlallow incidde.ic

PI' - I'S ITP: loig period and shallow incidence

'KI) - SKS PKP: short period and steel) incidence

PHP - SKES PKP: short period and steel) incidence(

PhI - SS PKP: short period and steep incidence; SS: long prliod

PhihP - PKS I'KIKP: sho't. period and steoL incidence

'f t, sI '' st('* ' "'tt'r'" r'" "':•'
1

l' v"" r1 ..... d: e". th~e rp•'•'' 'uex: "' c.r inlrirdn cq 6!''

"SInall ei t ; i' "lrre n ,'" . . ii , . ' .' .A I .: .. ' : ." . ': .',,' d: ,-1.e distantL

events for which the incidence ax gle is very steep. normially less thani 16°. Thus. ian

olnscrved pli-.c .,cl:"l Z.r.v, to, incidence angle sialler than 16" t he niiatcLiexl wi0

tKVP a PHKI'. TIihe vauh( of 16l has been obtained by trial and tihior. anidi is siub ject

tO filt'tlier adjIstiieIV.t.
* 6

thaLt at m-0ost 5 possible assnrni)tions abouIt the P-S phlasF" (l;ir;et er call survive t

test.

At this stage we can apply additional seismological informationi to test the diflei (iw
premises about the P-S pair. Tile properties whitch have eniployed are tabulated iII

Table G.2.

6.,1.. ." Staoe y - the depth of the crcnt

At this stage, every surviving first generation node grows four new stelis to chill-

nodes (see FigoTe 6.2), where each child-node is associated with a different assumpi-

tion about source depth. Based on the assumptions about the identity of the ' and

S phases and depth and the observed P-S differential time we are able to isolal.

a single possible epicentral distance. Nine differential-time tables (one for each of

the P-S pairs) connect the P to S time interval with epicentral distance. A searchl

• • • •• • • tI 1



6.4 IM rlem.CTItIatZori of the ass1rT ' 7'tiOTI tree procedure I '

in the appropriate table will return the distance which corresponds to tho small.

difference between the theoretical and the observed differential tinc. K3)
Since we find the distance by table search we do not imnplemnent the third gen.-

ation assumptions fur distance (indicated in Figure 6.2), and as there are no io.: "r

assumptions to test, we have reached a leaf of the assumption tree.

With the estimates of the depth and distance, we can compare the patterns rof

observed phases with those expected for the nine different assumpLions on the P.,s

pairs. As described above, at the most :, models for the P-S pair can surx iye fro:-

the first generation. Once four possible depths are included there would be at mo>I

20 live nodes in the second generation. jince 20 is not a large number, the analysi,
procedure accepts all the second1 generation nodes as possible interpretations and1
then w,'e try to a.ssss the likelihood. of each int'-..retat ". rt hr than look- I

contradict ions. -

6.J...3 Idcritificationi of other frequcntly obscrved phases

So far we have used seismological information on the likely charact.er of the tv.

main phases (the first P phase and the first S phase) which are required to form i:.

event patternI. For- a choice of source distance and depth, we can make use of a s

of "oi ier frequently observed phases" as sumnmarised iii Table .. the arrival tin.-

and other properties can then be calculated.

Then bv' comparison between the sequence of observed phases (expression ;. I

a•dl the phase predictions for the assumed distance and de'pth we iiavy he abl,. .,

identify phases, and further the presence of expected phases can provide support I

the assumed depth and distance.

The specific choice of P-S pair and the otlier expected phases constitute the V',

formation set to be compared with the observed set of phases. We therefore nie-.w!
to match the observations against the expectations for the proposed distance and

depth. For each expected phase we have an arrival time determined by the phase

identity; and each detected phase has a set of observed phase attributes which inl-

cludcs the arrival time. The first P and first S phase in the observed data have .

• 0 0 0 0 0 "



6.4 Implementation of the assumption tree procedure 1 i

Table 6.3. Expected phases for choice of P-S pairs, for o certrin

distance and depth ranges[I
P-S ideitity Other eXp)ected phases

P - S Deep event: depth phases pP. sl';,

250 - 65': PcP. S(P. PuS:12' - 39°: SoS; 31F- 79;: PI'.
1' • SKS For all: PP:

95 -99': PKKI'.
P -ut' " SA S Fi'r all: P1P:

115' - 1250: PKKP. PS.

IP - SKS 115U) 125°: PKEP. PS: 95' - 990: PKKP:

For all: SS. p

TI'P - PS For all: PKKP, SKS, SWES.

PA'P - S"KS IDeep event.: depth phases pPKP, sI'KP;

Fro" all: PP:

135: - 143-: SKES: 115' -125': PKIEP, PS:

1250 - 131: PKS: 114' - 131V: SS.

1111P - h'KS I) ...... ... n,, : dch; p'KP•P , sPTP;
rol. all: PP:
125' - 130-: Pk'E 1:37' 180-: SS: 159"- 180": PKP,1,

PI)1 - De 1)lep event; depth pilases pPEP, sPlK'; I
111- - ,,':l" l'. '. ' I . " ISO(:: P'A P'•,I,

PKIKP - I'KS Deep evet: d' It ph ses v pPKIA'I'. .x'KIl I

1-o' all: 1', I'. PtP. SKTP:

1371 - H13: .''S.

alreadv been associate:! wvithi two pliaseu;: we caan thmefolr establish a situple. tiE,

mapping betiween the observed data and the expected arrivals. We search aie':ý

the observed arrivals for candidates for an expected phase whose arrival time h,

\'itlit, a predefined tolerance of the expected time. The observed attributes Of th,

phase are then compared with a summary of phase properti in the knowledge hal,

(.see Table 6.4). If there is no match then that hypothesis for the phase identificationl
is rejected, but if more than one phas, match iq possible, the one with the sn'allesl

time difference between observed and expected times is selected.

K g. o e • *
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6.4 Implementation of the assumption tree procedure 117

Table G.4. Expected propertics of other frequently obscrved phases

Phase identity L'xpccted features

pP. sP pP. SP are sitiar lLO P ioth in frequrenicy atM iiaidteicec.

PcIP. Sc' P cP. ScP arc high frequency P phases whiich is st.ee)per tiail 1'. 4

PP 1'I' is shallower than P and lower frequency.

PKKP PKPis a steel) and high frequency P phase.

PIXP PAP is a steep P phase.

ScS Sos. hiigl freq ency ctieep S 1phase, strong oil tailgeutial cam paxient.

PcS PcS: high frequency steep S phase.

P" IS is sliallow and low frequency S phase.

SS SS is a low frequency S phase.

SKS, SKI5'S SKS. S1'KS' can not be high frequeicy,

6..3.. Estimation of likclihood of hypotheses
iI

Inl order to estimate the likelihood of any particular interpretation, we conisidl•

both the obserCIed data and the expectation for a particular comnbliination of ]-

5" pair, distance and depth. When we comp-re the two sets of plima.-, we liavv

thiee different cases: matched phases, unmatched phases in the observed data, ard i 0

o unlatchedel phalses in the expected data.

For every matched phase, a time error ci is used to reprcsent the iiismatchi betwe-i.
the corresponding observed and expected phases. \\u set

where t,, is the phase time in the observe, I data; t, is the phiase tire for the, ep'q ct't-- .

phase; t, is the observed time of the key S phase; and t, is the observed timi (d

the key P phase. For every unmiatched phase (both ill thc observed data anld ti,

expected phase list), we set e, = 1.

In order to provide an overall measure of the quality of the match between tlir

observed phases and those expected for the particular distance and depth, we weigh

each observed phase with its amplitude (i.e. we place nrore weight on large at-

rivals). For those expected phases which have not been successfully matched with

JI

S SSSS 4 l
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6.5 Examples of -venit recognition 0i

any observed phase, the smallest amplitude of tile mat ched componlentls is apj li'- d

as the weight. We dei-ote thc weighit for each phasi-e as m,, and theni (ldiine the mtishi0

measure 6 as

where the suin is takeni over ni, w.hich is tile numberi)C Of phlases ill all the thIl Cc cast',

6..3. 5 D~etoils of the irnplemrentatioo,

WVe take at pragmatic approach to thll select ion of phases for the key ])-5 pair sine(

we hlavc used the most conmmonly observed p~hases; rather than insist. onl the "first"

amrval of particular type we look for a piomineiit -arrival, esp~ecially for S. Afet c

the detection of a "first" P phase, wve chioose thel first S phase enlcounltercr1 ill (Ill

processingslk, m ;u thle candidate fc,r the kyS phase. ifuevrm a -ccuiid

-noc"Ilirs N\it hill 5 minhutes w-ithouti wuy i1ter venl;1g pha-se aid i'; la" g' r., it j

replace tihe first candidate

Ill genleral, as painiet edOut inl chapter 4. a low-passed seismo,,ogiani gives a fatl

ter definition of' phase attributes than the correspondling ifrpss.c seisuumocraii b

'hiiweflore whlen we, select thle tý va hY phiaset'. wle Choose low--frIekitjmuecvy detect iml

ucise tire azimullth estimlatu for the keY P'phiase as Itire aiu~iriuthi of tihe whole eveilt

lot er dist,;nlt evenits from 1 I0- upwards tre firsT I) arrivili is lISttIdll\)ll% soiie'ht

wvalý and thle. restritirig. azililirttt estirirat-- , s;omewhat dotlibthi.

6 .5 EXAMPLES OF EVENT RECOGNITION

Thie (tvent-recognitiorr systeum des -ibed inl tire prcvie 'us sectioti has been appliedl t');

wide rang~e of observ'ed seismic records wihr coalsiderahie ,u, Wci. e have select io,

a set Of fou-r examples which represent evenits fronm diwfreietistae andi depths.,

We use seismic records from portable uroad-hand instunmnern d teployedi lit th,' FM

Northerni Territory of Australia. The data wiere recordled (,,it lReftek 72A--07 dis',

recorders (24-hit re~olution) with Giiraip CNIG-31-SP seisinometers (fiat to) grounda

velocity from 0.03 - 30.0 H1z) withi Omega timingiý. Theli sampling ralle was 25 samplet;
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[ ~ ~6.5 Examnples of event recognitionIl

Tiable 6,5. 1ThveoCtS zscd for illustration

Evenit. Yem. Daky Time Stiatioji DktumcuiH Depth [kiii] Aiiniwtl40[ 'N I

A 1994 281 21:4' :55.8 SC03 15.4 17 175 G.

13 19901 220) 21! 15:36.6 SCttl 52.01 122 1.33 C '

C 1994 24.1 15:201:18.8 SCIIS 113..8 lo 261) ().1

1.) 199-1 1611 (00:46:55.9 SCO9 137.1 631 213 7.1

pe.1 second, Such dlata. i's of goodj quajlity hult ]lot of' observaN'toj3 my talldard anud L

rep~resents- a useful test for both event recognition and phase idetitificat ion.

'Piti etout (Vilts) we us-Le for illustration arc listed inl Table (.5. \Vc note that I I i

o'ct nortionls for thezse evenlts, as givcn ill the table hadl l)cuI d1eCLeininud usinlce

ill formal~tioln fromi mommly stations with a broad a'iliinutllild coverage whra ouls-

toimlcts ale basedc ol just. a single thmeL ciriponlent. record. Th'le timue listed inlIl

lable Is thle beginnming tiune of tlme record fiomi wh~idh the aiitolilaticsNSytclil is appliled.

Ill e'very ease,, the. Process of ph ase-detection andl feat oire-ext ract ion Is represented

i n a sedjilelce of display panels:

(;I) Tlt Crii61, broadi-,- or''-n d is dlisplayed t(''tlte wtPilIl" jvltIl~. -

till major phases predictedI fi,:oml the( insp~l trmvel no tif l l I- ;I roferne. 1-

I.,the pl~lhSc iiit-erpiietatioim proces.

(h) 'l'w Tk/ LTA detectors generated for the three, low. pasilwt i' cootpotter~z t .

N, E). The arrows indicate where phase detections' ll~v beenl matde, For al 1

phIase detecýýtioxn the phase. features are. extra:ctedl as dcser[ibel mi clnipicr F).1

relevant waveform segmnents and the extrac Led plvinsa 1i uile re u sly

(c ) The STA./Ul'A detectors on the! three high.-pi as-tjilt ered traces :are displaved, alloll-

with Owc arrows which indlict-iA lh;ksr ictectinus, TPhe ninnnhnvi,61ocf the e-

detections inl panel (b) andl paneul (c) is linkedl to lpatel (dI), so thitt the sequenre

is in order of arrival time.

(d) The last panel shows the waveform segmients corresl tnding to each detection,

Q 40 0 00
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together With thle amIplitudeI arid and other aItt rihutes of the phalse (Sec chap11t,-

5). In the wave~form segment, the time interval between t Ilie two lab~eledI tiur.
A)

represents tlic assigned period of the detected phase.

T'he figures for the, phase detection processes are accompamnied by at sumiirnary taiI I

of the stages in the event recognition and phase identification proccdl ie. This tlul-

is organised inl termis oF thle. four major steps in the analysis

Step I.- idenitification of tilie key P~ Lind 5 I)Iiases

Stcp ':coirip1arisonl Of the differential time between the key phases with the expected

tirires for P-.S pairs.

S; ej checking of expected 1P-S pair phase attr ibuteCs

natc IIlchin g of observed phamses againlst expected patterns foi 3 itlereirt models 0f

I I evenlt character.

Tlie liria, step is selectionl of tlic cornibinlarionl of distance and depth whiichi leads

Owr lest. mirshit betweenl the observed anid expected phases.

(6.5. 1 Event. A Halainalic.(I' '

lie event( shown) ill l'igure 6.,4 isa reicu, evI ctH(is r of I5 . Ill ]iarlii

(it), the original sem c rcould i,- (olotinated" b'; P~l and S!1 pilh&slýtr ,ia

are mixed wvith surface wave.S Sie thle 1) an lival sIVows littlfe energy 0i1 the 1.

Componlent, thle seisli oa'nv is almost nvatiurally po1 lirjscdl i.e., the L' comipoireii 1'ý

tile tangenitial coiripeu eIAt which ic eals 511 ware arrivals.".
Ill panlel (b) and (c), the M. and Sit arrivals mrre detected (w~ IJuII hrigh-freqtweri

airld low- fieqreiecy ;otIS. Since .ScS is stronlg oil thle tat igecirtial componenit, thle.h

frequency set E' c ourlporient clearly v rveals, the ScS' arrival (see [phase-N5 ill panetl c)

Thev detec~tions [phase-1] and [phr: .se-2j occur at ailmost the Same tilire OnI t~le( twen

dilkrtently filtered sets, so also do [pliase-3] and [phuse-4] Thel( automatic systemn useý,

the a~triblutes for the phase on the low-frequenicy set froiri each pair! we therefolr

choose [phase-i] 'as the key P phase arid [pliasc-3] as the key S phase for the (lifif p



6.5 ExŽamples of event r-ecogniiion f

. ...... .....

.. .... .. I... ..

..................

c b... .....I.....
.. ... . .. .. . .... 1...

C)C

5-n. .... . ........

6A.Pase~e~ec~on i~ ~~) 6

rig. 6..Paedtcinadfeatuic-extraction for event. A -. Halmnahera (Incluresia)

¶ 0



A)6.5 Examples of event recognition iI

.. .... ...

CL 3

LIo

* •s Ca C N

A-- I•--
--- ---------- 6 ---

-- -- -M - - -M - -

.. UN", C,:• •;•' •; ,

---- ----- -- ----

io I
,D --- -- - - - - - - - - - - -L

zL6
LI)

-. . . . . . . .. .

.c i

i i 1,

Fig. 6.4. -continued.
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4 Tbl 66.Processinig sce/flena. foi- Eventrz A

Step1 1: CA OiCe of ICeY PhflgS

Ke-y P, ploisu 1, Kcy S: phiase 3

St c 2 ITcs ( in Diff erentfial Tune

167.S s - surviving moduls: P-S

stv]j'),5 P-S [)!; F rah le AMOOle

Step 4 Et L-c /'l7tier in atch

P- vn;ii LDeptli 1)ist A-zim Ident~ifivod Phases Misfit

1' 0 1-1 ;16() phase 1: P, phasce 3: S, phalse 5: Scs 0.0033

300 15 180 phase 1. P', phs 3: S 033
801 16 ISO1 p0i3o 1: l. plict 3:i .

600) 16 1180 phase 1: P, phiase 3. S 0 3311ý

ciitiii1 tillie allalysis. 'I'alle 6.6 StmnirIIIseks tih: progress of the evecitt l ic

"schee Atr f ts o h diillcren~tial timles, Only the P-S pail 5)!\stm(

nu.ilv Afs'.i st:hed thes.o thes.(i i'epetdPShttr.1htfn ti'K

Fltn tlmnics ill tli esecojiti fg'IitaLtionc~iortesJpeldiligj toa diflciicr tO hih- a :4 )1I

Dir) -very chloice ofsimcsuc nertlien step 1 iif fable l, tli d]ci11

I ac 11d e tii S pair lead its to e2xpect the. am':al~l 01' the ph '..I th: tie'! f (

wit i ta surface sitni-ce (depth 0 1(1)1), the expected tilite 1,0 ScS (.()Itt spoends to) Id

ai~t vcid [p~hase-5] anld tle expected p1tttse fet!ýure:; lot SeA ne1 liuiatchiec with Lii'

aLttributesPý Of [phiase-5]. Therefore, inl addit~ion to tHe tWO keY phaIses J Ilfatc the; jit:

i, ideleittihed. Flo each of tilt other three cases, the expected tniic raiy~ for SeS do(:,

lnot cover anly obser ved phases, aIs a result tlite ex)pecte phas I) leASC isý not folund anld

thle ntlisfit mleasurecs are larc-ger thian that for a Surface source.

W\hien wve comrpare the best int~erpretation (Distanice 14', Depth 0 kmi Azinmitht

180') with the event, specification given inl Table 6.5, we canl see that the eýstimnations;

4p 41 S 0 S 0 0 p
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of distanc,ý, depthi anid iwzinmth are very close to ti e true val~ues. Al. I lie sawc tiiij.

theW alttumilt ic s\'stel IIW (01(01Y r'tiv 'Illtifi2C1 thifce phases: (phasc-Il as P', [phase

its S, amnd (pasc-51 a., ScS

1I O Pv;a , S andL core i efli2V-

I~~ ~ ds*ni(at

;- i11pt' tie.( cr((JrI t; dllthmmmf; Ic chili,1 of~ andmia im(~ i- ic~m I~pthi

wel i.s phimae Choice.

IThe, Smallest mleasume of mlislit occurs; for the Second choice ill stp4 of l.able (;.,

which corr-esponds to an in~terpretatiomi of the key phases as P and S. Theli cstiinate:,

of the evcmmt parammiluters are CpicentraI distance 520, depth 100 km, and azimmiuthi 316(3
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6.5 Examnples of event recognition 12, 0

Table 6.7. Pr-ocessing scsyuIcs:CC f0r?' ts

Stop) 1: C/joice o~f K(.11Phcis K)

hEy P': phase 2. hey S: pwisr 6G

Step 2: Teýst o71 Diffecr'-Ii(il Tin,,

4311.3 s-surviving niodels. 1'-5 PP-SIC'S. PKI J-SJKS

5 P 'F-5 P air Featui Afr ulch

Sri vivl, srg (inoku: P-S. P-E

Sn 1 .4:i'r-c Ptt/cvrl Mathci

'- S Ivir D''ptlr D;-i. Azirm Ic':rtiFld Phases listi:

F 1 50) 316 pha~se 2: F, phase. 3: PeP, phiase. 6: S 0.00196

100 52 3M6 phIias e 2: 1P, plasL 3: PeP, phase 4: PcS),

phase,6: S 0.00C?

Soll 54 316 phacse 2: .1, phase 3: ;sP, phase 4: PcS,

hluow 6: S 0060.1

6týi $5 316 phase 2. P, phase 3: PeP., pli1830 4: Pc.5

pha.se 6: 5 0. 00 1 W.

IT SICK 0 8 3111' phase 2:; PP. phas', S:KJS 0.3312ý

lot) 82 3 16 ph~t':e 2: 11'. phase S: iSa (). 333 : 3 0
3ul J i, 3- 2.ir-3 IT, p1l~sw C: SE 0.3333;

60 82 311, 1x 2: IT,' pllase SK: 5105.3333>

(whi'ch ahsan no lphes, IM"), whI-ich T1I.CMlts the idoif mati10 ~on lc inl L b .5s

well.

63.5.3 Eveunt C -off coast of \ortliern Call fornia

Evenit C is at a mtuch greaten distance and so0 is jin tlbs Core s;laclovc for P.h~

expected first arrival, diffracted P, is so weatk that it canl not b)0: seen on the se*isnI

gram (Figure. 6.-Ga). Gore pihases (egPIK and SICS) and surface multiples (e.g.

PP zand PS) are the roail features an seismic records at, this dlistance range.

Thie set of detections displayed in panel: 6(b) and 6(c) pull out all the majov

arivals on the seismogram. We notice that the detection [phase-7j and another highi

S 50
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C1.5 ZT(~nIMPCS Of avent rccoqn itin 1 2,b

1frequenc % S arr'-H-al IplirLS'2 l have .r vou CA~ o ri .()Iý1ic, Iev. ih xvtL tIn 1ic pI es expect,

for this even and1 mi-av vekl coniý from -seine different 501115½

X)

'Flu detect io!n On tile loW frequenMcy SeO [phase-11 is e'lcCt cc as (]I,- LL P pha>

NLev uthi,1ICQI-niia, ~ pc th vC~zt tth~c-3 an no d(If,-tioll il 11.

tweell [phii]e4 is selec ted as t he l'ev S phs ,i IlPlace of lprogrrs-'ic p C

.5Treia t inic between tile. key v ss For the Choice P-S, wero do y~ ex\p'ctI-

the aloeyt.3 low frqecphase isam oprblfoe titlte key S phase, theick toie this choice :

also rejcteud. Yor- the choice PI[P-SKS' thle angle of inlcidenice of the keyv P phý::

k, 11ot suilt IAbl fur. aL ]L, asL- also occu:rccl for event 13. Fin ally. tli, sulrviving h

p:Jirs at thle firs-t gemieratiomi mich(Is are P-SICS andI TP-PS5

lit tep I1 ci) lahle 6.bx n t that then ics likelY iiepo.O )I 1, - w

-t itietlic siirf'ýee 0m 100 kml depthi. at a di'stanice of' 1 12 w.ith fP-J./5 klciitiiP

t 'ý- uIr -I i ' pha1 1 zise 'Iic I ve o )f 11 h is I I I cI oSe f'e 1"

ci"llijiare tho evenlt par'amleter estimlates with the even.It specification Ill Tite G'56

canl S"(' t ho the dlistance is v-er well derermninecl. the estiialui.- Of II ph i i.- eaeS(11ý

god \liilr the estimlated azirmuth is far frumm I lle tinue valiw )-i let 01: 01 thdi tl

I Iowcvci ,It is interesting to see that the azi~inuthm 263 for i ; i i niplr C

ihen'It die'.d a:s PKAf\7:) iserv clo)se to theI true1 aZImuIttl 2Q0

Thics larger misfit for event C compared wvith the previous c:ases ks ca 1 I by t1

un currelaited big, arrivals (i e., 'mis-t ad [phiase- 9]) whmichi m1ost likely Comiie fl-in

an velapin evnt(note that there is no obviouIs as~sociation with the phaser-,

predicted from the iaspgl travel timies).

IL



C.5 Examples -)f event reCOgiiit6on 2

T1able 6.8. IroCesscn(/5707ci fo- IiiUt

Krev fr: phase 1, K cv 5S: phmx,e 4

Stiu, L' 'T'st oen IDiJ/ercnhli Tim,

.5754].0 s- s Youlint mu-clk APraS

S 11a iv I P. mh(1 : [-aS' I I '1lc '

1 -1 ~ De~pth D ist Azim 1n l~ien"d Phases MAisfit

I1 SKS 8 i2 43 [mo i a< photoI 4: SKxS 0.83q9

101) 82 4 5 phmtý I P, phaise 4: SKS 0.8399

31)0 Q') m Fiot , S[:1: 0.8399

(00 92 45 plin P.1 phio-e 4: SKS 0.8391.

M' ' 1 '4, phný 1: IT. [Ihiit 3: SKKS.5
h- PS. phase 5: PKKP' 0.400C2

10(i 112 i15 pho-'ý 1 Pp. phosi' 1: SKA5x.

pim i-i P S. pI i .I : i j A !.I% 0.465S

"31)( 110 1iI' ~0J 071016

10 4O 45 ph:. 1IT'. 0.. 4: I16 0.1

6.5.4 Event D -Northern Bolivia

'I'll elic~c.1tlt iri(lstailce is even larger foi this c\vt:jit amdl the ;ilncrulii

domninate cr1 v c-ir paescasIT ', slýrS, andI SNIx'S etc. igul c 11 7t;

sliris tNro eolinplicatt'cl packages of caif: rri-1i'IIS h;i the e'MIV pailt of the broad-Lý!h

The phase cletcýctioni s5 otmn is des~igned to pick. out the fir st Oilsc~t of a phasc.e;ý Oo-.

a ge. t-re [ore th e detections [phase,-2j and [ph ase-41 are ni cal ca d at the begi jmiii

of the two packages. From~tle low-fieclcuemmcy detections, lplmasc-21 is selected as Ii-i

IkJ~ P phase and [phase-6] as the key S phase. As before -we can follow the progress o'

the automnatic systemn in Table 6.9. Three choices [fm the pair of key ph~ases surviv,

the test of differential time, Siace 'he incidence angle for [phasc-2] is 9,780, WhichI'iS
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Fig. 6.7. Phase- detection wid feature-extracLion for event D) - Northern Bliovia.
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6.5 Examples of event recogn~ttit 12:

Tiahle 6.9. ltroccSsing scrjufr ac for Emict J)

Step 1: Choirr of Kru i'jlatf '2

KEy P': idias 2, lEcy S: h~moc G

*Sicp P. Tcst on Diffe're.nid I jul

371.5 s -suitviving motdel,4.:PS. iP.-SIN'. PE1-SRS

Step .?: 1'..$ Pair 1." ttu, Ma tt

Stv~p Pa. A ten 1' tn AlatI h

P -Spa jiti r .)t()d DIist. Azi~u 14Cfltified Phlase.; Nislit.

PAT' 8578 0 114 IG l J) jttae 2: PIN1', pitasc 6i: SKS 0'. 6423

100) 114' 1 Ot' pltasc 2 : 1'KP, phase 6 555 W.6763

60011 12CS 16(1 pt;unnr 2: 1'I(J phiasý 3: P)'A!Al.0'

phaOr, 5: sP(571(1', phauivs': SJx3 0 07

S7t rI tI(I: I L t1 ! I . S ~e1 af1 t II e I -5 fe I I~ I . t I.

of a vceiY (Icci evenlt at a ilistalict' e.ý 1 OY(Iice agTain t 1"la "I.n (-l epIlt riltnl (hsthlfl

IlltalFIs lhai thet azilillittl (tf the fil 1(' phase is llot I n'ii~ilti - -el itt,;Lt:'. Witril ,

copiniitii with 111c event specifiatilonl in[ll t (J5, III,- (5timI1tt'dt (i-tlth is ((tilt

;1 ctiratc. H-owever, the estimiatedl dist.mcfet Vs 9 awaY ff011 Hit-t'itle \lilti, vdiii 11

k5 not as good Zas Iil thle previous CzimiJiIcs ii .ý tlifclcuciie ki 1( caiilVeus('l I1

the proceduire described inl section G.4.3.2, becaýuse thle Imapping Iwlwelx'e differect6 i-d

Ijtieic and distz~itce is niot onie-to-one icor thle case oi S[ 7 •-i'1s) '(seeigt- ri) 6). Whci (IIonly one choice of distance is inade froml the mlapping (ClifferemntiaI tille to dlistaitee)

the true distance can be inissed.

10



6.6 Discussion 1

6.5.5 Performanlce of the i'\elit rncogili t.-Ioi Systeml

As call b Seen from1 the~sC eXanlIpleS. tl. V atoIMtI'c Ssvseni cn ie'cftlvr

attent ion to a limited nuriber c, ensilt aiep-ttos Mv.I1 ý II1rlZI

asses'sinejit. call be made by using thle misfit nicasure bet wct.n th- obsýei\vd ani

di.ýt ic '11dclethof heevent v.wlicit v.ouild he very) valniable I'(1 rt lm~ilinaiYý eVenl

G;.( C)DISCUJSSION

(1.C I Extonsions' (if the proctessing sclieiiie

Th pl.soll! cvcxit reccngiiit~ioii svy-tellit ]is ltccii dcsiplie1 to lie snililple iann ro!tIIt S

111l11tWc call oi't (Int i I-it, 11:oce-t2s'n stWe' \V c c. ,;i7 thatL ,!p "!

expect ed clito act cm of' the mseisutic- wave.'I l r exaijliple, 1',)oli sno-tj ci it

sill V61 hr .. * 11;1 1 he phi Pb15 (p.l ill (1) anc Id - I'l I'.- t2 -1. 10

I Is- at Ij aI Ia t IIcI)I t t
i an I Ii C I Ia at f' Iu f1 Is a Ii I Ip 1 1 I 1> 'ý I I

pi iwss,. 1.ni liitelv(1, tl tiit f;mii of1 tlt, aISSUIllpt ci()li' Itlinci it

it iý rlelttiv(1Y PiISto\ i liltil~kc lvvi,iansý ati' i ilipijuveitieiit's :ii I liew it

ili-P1%P l1te (lTiud-I. .:", GA)h P 1:1 ' sj cii-a fl o lmi tlw aIgl~i ltl ' In hllin Il-

i\lnrle m;i lilt( 'Li it 11 I lie in)(oliiiatioii Ill ' fqiici l (.oii',tciL(.t u lit(' t w atlrii ti ýil~t'i ticke I

;duolidc "melm 7nri;mlecl hunt timWe tuanoithi111 it-'Wlf Ioi exaLt 11TiCml, thet'" glO\%tl! of1 the SI'lI ii

t( t hi first geimerat Ioii iindclct Iepmctse IttLogIIc t ic e ~L of' J). po I I s, Iijlp]CI I wt Ix

bI re-iading a se p atate list, of I'-S choice2s (Tabl i)IclG ). The antitinatic system will

construct a first generation node for ever-Y itetil inl this P-S list. T1'l1ii; the inclinsiot I



6.6 DICI~icssiuO71

rif fiurther P-S pa~irs can be readily a rco:nplislid by addfing inc a it n s, to tIn ll

list A sinfilair approlach can b- app1)1 A tr, r sýcoivl generation, ¶o !cN ovs : cxii:1

the( possible Source dlepths. 0

'ilte salil~lpiiig ill rlist'aitce couljl I-,. iii)% l Cus a ciu ilov t, Zl IP15 ttalvel-t ii

it~lle- for eadh idept h. 'll.? currenul Cu 'f pl/it11C (iiiio~ C

Ii as been.1 chosen to allow rapid tes;t ic ig DI ar possible real time( et iv iroanlienitwhl

stil 1 roidiiga uiseful (lelini ftio n (- ill" - of anl evenit 1,i jtuieliiiiit\loa :

' uele 1t. tin ruiuiei of ('lasses cuul ' a', ieased without it vor> 108 prucCe~ssi

"Verl icon to provide all hlincrased delsit. of states.

6. 6C.2 Fi i lu'hl rlcveluj uncut>'

A LILl st bad ill aCwctioi 6.4.3.2, (lie, Fsaurct diat ieiic isobtaiiter ivY itiftici11jec fr utIl It

. 1 .1 ¶1 f i n' (Ill ilt * i al I11ýa i::'. -: :t:2 ;o a- l tdir ! c-l.. a rf *t lia-.I

i'ýcxpoied ll h) (ilid leiilotiil l t in 0chtl t-ha Il nl I~

cu- I-ne asI o ~ ca be see forIIclII te B '. dk lil ()1( { fl.'JI'I- t Inl 'Ill vir isl

cI 11 eflits oceisioil t"rltei c oi1 l %s .4) Ps'fe ctisiiig il tir gýI'ii 1ý1it i; ;I I;I[

'Il1w distancec andI (cicLh estimai~tes; cani iný refined after the imaul event rccogniti-;l

process by introdtucing a I cal assumption tree to search for the best solution in ti'

distanice/depth neighbourhiood of the postulated~l event parameters



6.6 Dil-CnLS~iOn p

(5. 6.2.2 (,!on~tious opcrat iot wind oL-c7rlupjA rg rurnts,

As we sc lav c 1'crbed 'ii iicct~oii 6.4.2, rtht phas-. cotires;ottdit- to an V'ciit s-dlu~i

atC rCOgni1sCd anld SepaN1tacd from11 the nipo~tl 1s % C011ii ~inpui;n with ai cmtc

cXpc~t ed 1)at t Pi 11 foF anl e.ven7t. The inpelt. is a CFjitilitil01',sl It reant ofI 'l1tvCc detect 4,
so) that't \\c i ti'c to alls ( Iab~le. tu 111:i Owi cveti-witrit~tt j )~( njn

'I 1w norm11al Procedunre ill pat tern irecognition is uqe informatioin inl t Inc orderi

sara'te J1ollpn of iian',:, a.; vets cV~flt5 ibeti Lv teat without going" Lack1 ol rvalm::-

It'*lh, ii datLa. I ln\\'ver, inl lii case, of S~seisic evNclt reconiitt ci, t datluigmt

e-OItintccat 101 the like'lilhood of arrvivaJ -.oi dliherent events overlapping itt time, N.

od(jjd Snpggest. that tihe uitiiti;o.cbed arrivals iii pt eviously obscrvcd dat a ho coninhili' I

v:th ti t tent 1(,sli of iipit1111t stl110111;111d tuttsedtI-,-, recogilisiljýa:L~ (vcilt s.''qltpic(.

vihid the itptit to the riek~t evenlt procen:; Ill thins waY, wc w6ll 11e aLhl to SCjpl;C

I v.'laJp~p Vetits,' to allow hil-l l~S0 IUcog'iiit 1i1 1i u LttLit



Automatic seismic event recognition using multiple

'broad-band stationsq,

C. 7

11 '.- IulLC atdaa•sis of scirnogtalnsptoDucLes useful infornation fronia s;Ig.

srinograam but is of greatest utility when applied to a network of stations. Fe:

gloDbal monitoring. the network of stations I~s sparse and the ambient conditions Z11

,'Ce site wil- vary so that tuning of signal detection thresholds will be required s .

nt!1 cOmpaI able operation can be ach:,ve',d at each site.

:\ elated issue is the robustness of the event recognition procedure{ using simil",:

dt. a This issue has been addressed by applying the automated anal•s•is procediii,
described in the previous chapter to multiple recordings of the san,'me event at difierci:'

1t-rtable broad-baud stations in Aust,.alia. The stations cove': a signilicant sp,.n I!Ljcileentral distance (although generally the azimuths will be similar).

The use of a number of differept recordings for the same events provides a ,

of the consistency achievable with the automated analysis procedure. The portal1

sites cover a range of geological conditions and ambient noise environments an.:

so orovide a useful test of the reliability of the algorithms. WVith accurate C1P>-

timing and positioning the extraction of information on range and depth can b.

very effective. However, a limitation of the use of portable sites is that the accuracy

of seismometer alignment is limited and so there can be systematic (site-dependent i
13i;



4V

Event recognition with multiple stations ,I:

Table 7,1. Events used for ilhlstrationi-

1hevelt. Yfom Day Time L-rtitudc Longitude Depthi M\11) ,I

A 1994 281 21:44:07.2 -1.26 127M9, 17 G.A

13 1901 220 21:08:31.6 24.72 95.20 122 CIA)
C: 1994 244 15:15:55 0 40.4-0 -125.63 10 6 G

, D 1994- 190 00:33:16.2 -13.84 -67.55 631 7.0
4. I -

E, 199-1 231 17:26:37.5 -11.51 16G.45 1.42 6.2

F 199-1 232 04:38:50.5 44.66 149.18 24 6.2

G 2•': . ::: 18:37:20.6 44.78 150.06 19 6.1

}t 1993 133 11:59:49.2 55.18 -160.46 32 6.4
I

errors in azinmth. Bv varying the sets of stations it is possible to get a good coverag,

in epicentral distance.

Figure 7.1 shows the stations which have been used for the events discussed in thii

section. Most of the events use the stations SCO0-SCIO iin the Northern Ierrilery

of Australia, in conjunection with station Y'1301 in the souh[.ea•i. One event uses th'

SAs stations in Queensland. 0 *
il-'gme 7.2 shows tire locations of events whichl have been used. Ti1'2 events l:cI ,

'"re,: hcc.eI with a inininmm of fcu; iecords and normally at least ;L .5 degree s],j:

in epicentral distance, The events are displayed in Table 7.1.

The first group (Events A-D) are those from which iiidiN idnal stations have beci' 1:

illustratedl in the previous chapter. The srecond group (Events E-Il) covers" a tran,

of epicentral distances not represented in the earlier set (30-40', 60-70', 80-91'

Tire same set of trigger levels have been used for all stations.

The results of the automated procedures are displayed in a set of summnary tul.' -

(Tables 7.2-7.9) in which the estimated ranges, depths and azimuths are compamc,

v with the values determined .from published hypocentral information derived fro:,:

global observations. Note that, the azimuth estimate for the key P phase is use.d

as the azimnuth of the whole event. Since the estimated azimnuth actually imrplies

two possible directions (witlh a 180^ difference in between), both tihe two possibl'

' •" I

• • •• • • • •.1
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Table 7.2. Event A - Deptht 17 km _________ ____

Statitni Phase pair' ESt RAngeC Lsi Dc)? I~i Es. A-zimint I~ L:1 2 Azimcal

SC03 P1-S 1 0 180 V)o 1

SCOS P.-S 26 CrOo 170. 3.5 2)1 171
S5,10 P-S 20 (1 163. 313 21 1O

P.. SIKS 123S1
Y1301 P-S 40) 0 1,5S. 33S 4 15 3

Table 7.3. EVentt B - Depthi 122 :Tm

S t"It ie Ii Paepail Est. R1alge E~t Dvpth Est Azimutth me'Avimi~lh

560 P- 52102 1,11, 321 52 13
() Citi -S SI 3n 2, 1 133

5602 P.-S loo10 133, 313 52 132

C03. 11-S 54 3)9 M1, 330 F)2' 13c

vailu's for aziniuuth a.re' given in the Table's 7.2-7.9. 111 the' esW111,11 tile. an'

th'" -1isfist' me'rasIre (sree chtpttii- 6) d- not show a dlenypv'fr' lewheeni 1.e

iliterprclatiolls, lloth of thein are includeýd inl the suinio~lry toiL (s-tg. inl T;.1

'110 to 0. i %eW events are IEveni A (Table a.nd aI. i'vt iI (-I (able', t

\whi1ch tllhe phlase' pair used for eventlI chai neterisat ion is Il-,S. I ,; kIt ii A Liv.6,

cstinll ae' was Oc good henl an additionalý phlase Pc!' (sc01)) (j; .55- >1i )COnIl I

associated wvi tli the mlain arrival-). Yor ctation SC08 the e'xpc-t td ;irn td tilut oIf / U

is ve'rr close to that of the' S wvaves interacting with tin c ppei inantle' ti riplicot i -*

and cannot be' resolved. For SC 10 the discrimninatiOnI proi .e % julSt the P'-

tliflerenti ol t ime wvas limited andi the'! pos-sibility aro'se' (If a nolv.) 1 ]argel' piex'ent

distance which can be discounted by comparison with the other statinims. For evnc

IE the rangze estimate's are quite good and the event is recognised to lie at deitil

even] thoughi the tendency is for too great a depth to be estirnateti. The rather large

depth at station SCOG arises fromn an attempt to associate' PcS very close in time'

fa 40
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Table 7.4. Evcnt C - Depth 10 km -

Station Phase pair Est Range Est Depth EI., A-zhimia l:,. Azitiihitl)
I

SCOS PI-PS 112 100 45, 225 141- 260

SCol PP-PS 114 300 32. 212 11lI 237

SC01 PP-S1KS 10S 0 55. 235 1 2OS 265

P-S 42 100

SC03 PP-SIKS 112 0 3S, 218 112 200

This evet stHffors froin inLterferLece f10or1 ano1he. event of larger- amplitude.

Table 7.5. Event D 6,31 km

StaLtioll Phase pair Est Range Est Depth Est Azhinuth R angt AzAintith

t9 lP-StKS 1.28' 6001) 160, 34-0 137 213

SCO0 PKP-SKES 132 G00 162, 342 14-i0 208.

220I P!' v�-is 1 24 C1I 'i , 1 1 17 2IC,

SC)0 PIPI-SKK-S 131 100 142. 322 11141 206

2C0-1 I'iKt'-S}IKS 134 i00 1 15. 315 , 217,

S035 IPIP-SEES 134 100 1.13, 321 1412 217

S I-S I. >:,,, i; t , x ,;,,, I • o , . .: ,, I- w ! L,• i. . t h x, ., h u, lil,-'t Lt c" I,: •

Table 7.). 71rnt I.- - Depth 1J,2 km

2time 1Ph~ase pai Est Hange Est D)epth E4, Azimut.h hI:,:w- A-hnIl

S 0C P-S 32 300 so. 2G(; , 2.10

SU(]- P-S 3.4 300 91, 271 3:1 2.17

S701 11-S 31 100) 87, 207 :1 20G"1,

SC()S P.S 36 300 87, 207 37 241

SC03 P-S 36 100 76, 250 30 2-5S

SSCO 1 P-S 42 300 8t. 204t 32 25.4

1.
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Tlable 7.7. Event F - Depth P.., km

A"StZL6101 PhaSC pail 1sl, fange Est Depth ENI. Azimuth IimIý,og Azizumt1i E

5001 P-S 60 100 16. 196 6 1 200

8003 P-S 62 0 . 186 63'. 194 4

SCO41 P-S (11 IN) C, 80 ( 197

S003 P-S 64 100 is, 19 C. 201

SCOG P.S 66 1u0 9, 189 66 202

SCOS 11-S 1) S 0 7, 1 S7 69 198

PIKP-SKIKS 1301 100

SCIG P-S 712 100 173, 353 71 195

Y'130 P-s 84 100 163, 343 81 ISO

Table 7.8. Event G - Depth 19 km

"Latol PhIase. pail. F-',t P angge E~t Depth Est A7il"111th B1ng Azimifth

S(90; P-S 6 1901 4 1. 224 63 i9ý

S(91) P1-S 60 100 I ý1. 195 6:3 201

5(903 1P-S 64 10(0 19. 199 6-4 /.0 2

S,(1,0 6 P-S G6G 100 29. 209 67i 203 0
C 90's 11-b 7C'. 1~6C (,'j I ý

I-S7S 660

SC.)) IS72 1T U. 7 1 1

Table 7.9. Event II - D~epth 3R kn

"Stationl Phamse pair Est IRatge D! DL~pth Esýt Azimiutih I{ug Aitiuitl

SA03 PifP-SKES 15-4 100 166G, 3( IG 69 232

13-SKS 98 0

SACS JPEP-SKKS 1541 100 21. 201 S1. 226

PK 9-s 0

SA02 P-SI{S 95ý ?(( 7, 2.07 S 2 32

SAOI PIKP-SKI(S 1150 100 31. 21-1 64 231

P-S 84 100
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to S. It may be desirable to modify the( piocedu c to ti-, to force a whi iutini, tin..

separation between associated phases to mniinmis-c such pioh~clls.6

Event B with ranges close to 50- gives a groad mlatch Of epiCcit ral distance, tlF

depth est imat es arc mostly constrained Ihy matching the exp;ected timin of PcS (wlfii

mih i act be ScIP w.ithI somlewhakt differeii implicatosftdph

Ti'(- two shallow events F, C, (Tabl~s 7.7, 7.8), which monstly lie betwLeen Co ar

7Wfomi tile som cc, arec generally well watched and there is goo~d consistency acroý-

the (. s o satos. MWeoe that one gin there is ittendency forth eL
theses C ~ nte isouc, -hen a fethre on th

to be overestimated. Ior shallowý soces this canl occur whN afaueo h

recoinci is associated with a near sourice reflection (e.g. 7)P, -T) Since these canno:,'

be correlated .,'Iii i surface sourcc. Because of the sparse sanmpling iii depth, 1C

1)rocei'diire isforcedl to make a. decision between 0 kml and l1t) kin. C~oniplexit,

ta lhe source pulse (inl thle. case (,f these tw~o exarniples, the iut erfe remijce from11 thle che' 5L

fuhlowiiio I-cI) cani be mistaken for a depthi phiase and henCej Sugge,0st de e1'pei' 01r

tinin ap propriate. Also, iin order to mlatch the Observed liffement ial timeit wxithi tin'

the dlepth. I urtlmrr tinw iasp9l tr.-we tone,- tal 1-,s have lmeei used Iin the amdoyl. s I'
w~hich (ý iS lie\%. icco('ilisedl to lie a tl: slo". I L1einmimlett. kK i linlarld, 19.)-

:111d this (-;li be coilipensatedl by ilucwcasillgl the dlepth ofthe 111. mi cc.

A detailed inspection of the autuitnatedl Iroces~s Vol vm c.11 fV hinl 1"11 stat moo -

(Sun t, S5000, 801 tI, and Y1t)0I) is preý,vlitcd in IFigures .-. 0and 'I a 1:57.17.1

Hihie iir0CCterii Of jpiAFoC-deteC~c~tio andA charaterisat tom is rj'jmeseiiltd inl tin sal:

funit o' fir-ire wxith four paneb a,; d-scriberi inl chaptei C; (sect ion G.5). Lachi of tb'

figulres is acconlipanlied by a surmlar~y t hic of event interpret ation in the samec I'm..

is th tables inl Cloapter 6. The figure, anud t ables amce associated with tie indivlýidlu

statious (3001 - Figure 7.3, Table 7.10, C506- Figue 7.A, Tlable 7.11; 10-Fic

7J3, able7.12S~t)1- Figre 7.6, Table 7.1U). The originial seisniograiis iii par;

(a) inl Figures 7.3-7.5 show thatt the waveforms are very similar at stations SOC0

S006, and SC 10. Every of the three stations recorded a clear phase P followedI I).
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Table 7.10. Processing sequence for Event F at statiom 2(47AMC

StcJ) 1: Choice of eCY Phase's

I ýey P; Phase 1, Key S: phase C

Step 2: Test on Differential 2 tine

4IS8.0 s - sor-Vvtvg miodels: P.S. PKE-SEK"-.S

SI (;j) 3: P-S Pair FiTe I u7 Ala fri

Skrviving. uioicdels: P-S. P11'- SKKES

Ste 1P 4: Lt~init Pattrrn Mlatch

P-S par Dept Dist Aziin Identified Phases Mvisfit

P S 0 5S 16 orl 196 phase 1: 1', phase C: S 0.515S

100 Ct) 1 C 16ro 196 phase, 1: P, phatse 3: pItP

phase C: S 0.1375

300 64 16 or 9 phase 1: F, phase, 3: PP

phase C: 5 0,214S

600 C S 1601o 196 Phtise I1: -P, phas' 4, pi'.

phase C: S 0.2 9(1

PHI' SKITS t 1261 IC or 196 pliase 1: PEP', plwots it 5A1( 0.5616

ii1M 126 162 or 196 Ja:1: PAT]. plow- 3: pJ 1.
phmase Ci: SKKS 0,24VI

8t) 26 16 or 196 phi-' 1: PKI'. p C:" 65HK 0.431 '

GOO 12.3 16 (it 196 puce':- 1: IAT, l'.';k di 1,JPAI',-

ploise C: SKxES 01. 2 1:

titan expected from. the itisp9i travel time' table. At the st at on Y11111 I. tite eve-:;

distance is somnewhat greater that) for the' other thrett, al :1 iMI'tIc:n:

also lower (arounld 1 / for the phase V') so that the phase?5 P cain ottly be pic'6-

out, by the high-frequency detector. Thle phlasP-detectiott works very well in the foat

phases Itave nor been identified by the interpretation systeitt, simiplY because tltey

htave tot beeni included in the prc'niinit-ary pattern (i.e., Table 6.3),

The performance of the auitomiated procedutres is very good out, to aboitt 80 wheti
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Table 7.11. Processing sequence for E'VenZt F at staotioe SCO(;

Step 1: Ch~oicc of iey Plhases

Key P: plase 2, Key S: phase 5

Sclp 2: Tc•t on Dip'fereutiat Time

525.5 s . suvivim- moidels: P.S. PKP-SKA'S

Setep, S:. P-S Pair Fcatuie lat | !

Siluvivi'ig ilodels P-S

Step .': Wet Pattern Alatch

P.S pair Depth Dist Azim Identified Phases Mist"

' S 0 66 9 or 189 pliase 2: P, phase 5: S 0.59;0

100 66 -9o r 189 phase 2: P, phase 4: pP. phase 5: S 0.2543

300 70 9 or 189 phase 2: P, phase 5: S 0.491$

600 74 9 or 189 phase 2: p, phase 5: S 0.4915

Table 7.12. Processing sequence for Event F at stationr SCIO

KS"et, 1. Choice of Kcy Phases

2Ne, 1" : 2~ha:,, 1. 1:. :. 'lOsc 5 0

Atep 2. T-st oi1 Differcntciat 7lime

55 1.3 s v JNvin nl')(hds: P-S. J'P.SKKS

Step Y: P-S Pair Feature Match

Sul'viving models: P-S

Step 4: Et'nt Pattern Atn:,

I'.S pair Depth Dis t ,• 1dified Phases N-"

P 5 0 7 ':l a; 353 phiase 2: P, ph.. 0 "".,

100 72 3 31: 353 phasc 2: F, pluss- 4. IT, r'h- 5: 5 0.23"

300 7,4 173 ct '353 phase 2: 1', phase 5: 5 0.(.'-.

600 8G 173 or 353 phase 2: F, phase 5: S 0. 710>J:

,
I|
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Table 7.13. Processing seCquCTce for EVCnt F at statIoN )Y301

SteCP 1: Choir: of ' Key Pa'sc.i0

Kcy P: phase 1. Key S: phase 6

Step 2: Tcst ni, Differential Tim,

613.7 s - surviviiig modAes: P.I. 1.3KS. I -,,.SKS. J'KJ'.SK'"

Stop 3: P- S Pair Feat.rc Al]uc), i
S,,viil4 m dl• I-S. P-SA'5

Sit.]) Ii: Fi uit Patttern, MaLtch

A-5i pai Depth Dist Azim dtified PhasesM

I' 5 0 S2 1.63 or 33 phase 1: P, phase G: S 0,6630

I1 CIO M 163 w 313 phase 1: P, phase 3: pP, phase 6: S 0.'297D

300 8.1 163 o. 3413 phase 1: P, phase 6: S 0.5102

60O 8.i 163 o: 3-43 1,ase 1: P, phase 6: S 0. 5 ,.,?I

I' S1'S 0 126 163 o: 343 phase 1: P, phase 6: SKS 0.56 'G)

100 126 163 o.. 243 phase 1: P, phase 6: SKS 0.5092

300 126 163 0: -. 3 phase 1; * I phase G: SKS 0..7 102

GOU 128 163 o, 3431 phase 1: 1, phase 6: S5K 0.M102

I 0

in general the phase pair employed iý F- S Once SKS overtakecs S t h' cnmbjini ,at

[-SKS has less Chstance and depth diScr minatiOl, %S can 1 Ce seen ill I,- lertitcr, J:

Iresults for event 11 (Table 7.9). This can ),- extrected! fiom thic rather flat S->

P diflerential time curve as displayed in Figure G.1. As dis,.nssed in tlie previc,-

chapter, the resolution could be improved by chosing a munber of choices of dist.::',

i, Ithin an error tolerance raLlier thani chosing only one in ciur present prograi i

At distances beyond 90' such combinations as -sP}'S or IP-.SKS can ofte'n I.-

useful, as can be seen from the results for event C (Table 7.4). As indicated il

the previous chapter, event C suffer: from interference from another event of la,:

amplitude. At the stations SC01 and SC03, the successful identificatioar of the phas.

SS helps to produce quite accurate solutions of depth an,l distance. At the station,>N

SCO8 and SC10, the low frequency phase SS is contaminated by a high frequency

II

_I•
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phiase from the other event. The failure to identif~y SEcauses a treialveic poor depthI*

6 resoh it ion.

For t1e lalrgest rang1es uIseful coarse estima: es of rang-e can)i he aht outed (event F) -

lable 7.5) although1 as nlote~d inl the Previous chazpter the non1-mlo unt Oil i depeniden:*

of the dlifferenitial tinýe olt rougl~e rendlCs to forrce too) smjall j og iole ota

butionl to the lrnrw resu1lts for event D conies fromi the rathlie couitilicated phas,

packages onl the se~ismogranis. The situation of too mvany phases intel fering with

4 clil otherC lea;ds to aRelatiVely poor phase detect ion, which consequenCltly aff'ects t ill

resolution of event recognition. Imipravenients for phase (let ectioni inl the? presecrie

of interfering phases wvill he a target for further development.

The arostests indicalte &hat in general the performance of the automated anial-

>oi. I~tC V is 0oad. Ilow.ever, the orig-inal -set of trigger levelsz pr-ove to he. sonic -

in prove the resolution oif the- seismic paranmetets. A refiniiiient of' thi- curletit pro

cldure to ; o I" preliniiarvlr analyse, with standcard t ric ur i m ratce rs, followed

IvY a seconid ])as- withI tunled paramnet ers arid a finler sampling inl epiccutral distanice

T'I CIi exitiples iLohosg s that, a sinh acos aplca~tion1l of til ;OMIN iaSi lI,,

tc llic 1() ii csfinell arrayý with1 Severall staýtionsý coulld imp ox II- h11' :'' MacY Of I!.

sout lot 'I, x correClationl Of the resuilts ohtailu~d front tl dheren staitA. CMs ail"avo:l

trblni arising" at oily ane or twvo stat ions. The full p ower of thI it: a-ra caneii ho 1

to plro\ile~ accurate slowniess and aZLinntltlLestiljutotes, fori eacl' 'f ti h'nt 110(1kiio phaýe

For a dhistributted nietwor-k, real-tune0 event. recegnlituOnlCý con ;1 li''vcrl 11Y collctorI

prelimlinaryý results fronti each Station, and thlei all the dlillernll 1tossibhe solutionl

ran hec fed back to every individual station, and a Final round of inn? diing of late"

phiases Cross all stationis cain he used to) lc!termin- tlw host. shint in. Inl such aiiuv
efficient uise canl be made of hater phaises, so that thet nniblej (it' Stit ions niecede

locate a seismic event can he greatly reduced.

P.I

p&
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A, techniques applicl in the automatic linterl)etat ioll

As a review of the automatic interpretation system developed from chiapt e, 4 throunl:

t(, chapter 6, this chapter provides a general description of the whole work fro:::

the view point of Artificial Intelligence (Al). It gives a syvtactic description (,! z

seisnilogram, and explains how the Al techniques are applied in thri implementati i.

nEth se~ •.m u,,g,•r iitcrprctat~iori s%•'cm'.

8.1 OVERVIEW OF TI-E AUTOMATI(. 1NTEI'lI-AU 'R1'AT.ION

SYSTEM

lhIe whole system developed from chapter 'I thlough to (ilýpt'l (i, sig1,'. I

simiulate the interpretation by a human seismologist

Wheii an experienced seismologist. ieads a seismograim, slIe \':• poceud in m .

stages: phase picking and event interpretatioh. At th, first stag.-. sh,' picls w.

phases based on her experience. She could feel lhe diffmlluit.' ill lit" al aei ýIc.:

pimses, and tell which phases are similar. This kind of c.xperienice or skill can wm.

he precisely explained. It is similar to the case of speech recog nit i, which i •

task that we all perform extremely well, but none of us have much idea how we d.

it. Then, after the phases have been picked out, she would associate the differenlt
15:-;

0 S S S 0 0 0 S 0 OE



-8.12 Patt ern recognition techniqucs Vo the teach of phase ehaructertsntzon U. I

phlases to a particular seismic evenlt, and give ow1 interpret atioiis oil the location tof

tile. event as we-ll as the identitiies of thle pse.InII lie secojid stge i C01i.Sideri o

ailmoun of' expert knowledge is applied. 'Lie expert knowledge Includes: freqluent>%

observed phases generated by an event in a certain r-angre of diston~ce and depth

di Ilerent appearances of phiases assoc~iate with clifl'erent ident it it's Thiseinloi•

might also need to chieck- seismic travel time tables during reasonling,.

I It the -ýitoitatie systelnt, for the first, staige, we apply' P at tern Recognit ion tcch-

ii iques. 'Ilie waveformi of a phase is recognised as a hierarchical struIctureI ai id Ih

features charaeterisiiig a phase areý extractedt via a strut orh nalyss For the seeC-

oitd stage oif event recognitioni, we. apply ExApert System tecluniques and payL close IP

aJttention to t li iinleItCieiAitation dci tails of how expert koldeis- rehreset'it d,

If es~ (or orgainised) anl applied.

'1 'li in' Uj l-tii t ion pirocedutres pterformned by a. IsuntanLI .,jseIstitologs -iS. tj- tpit i0ZT(-

with that tised b)y tile. designedi nutouta;ic svstuei inl Figure 6.1.

8.2 P3 ATTEIN RECOGNITION T1ECHNIQUES IN Ti1lF WORK

Ill thie wink presenited iicllah~~jtttr-1. s'isteiL iis 1aintlY.'Ah i; a Ilii' tetet

til'Iu lit. ttechiliqtti of, stinet iii polt n i eugit o i l knlown1 ii '\ii ý t

tattt'rliieoitin

.2. 1 'f'lu' bae~gi'ouinih inl sviitact ic pat teiti ri'itigiit ionl

I Shall give a hli ef decri~ipt~ion ofI th' h:cginn to mviint iVtI'itl iciopiiiti-'

baisil oii thle textbook 1,v ht (19746.

In order to represent tln' liiei areýliiCal struIniC Ul ;Iili'ortiaNiiý: ofiH11tnt~KIC

tv-ile approach draws an anaovbetween the2 struet. n oF the p'itteriin' and t In

s;N .itax osf lan guagres. Patter;ns are specified as boil dintg ill ow of suhipatterns inl

variouls wax's of composition just as phtrases and Senttentces are built. tp) by coencati'

iiatiiig (oi Ilinking) chiaracters,. Evideutly, for this approt'cli to lie( ad~vtitageous, tilt-
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Fig. 8.1. Comlpa~risonl of sct.ismlogi'am intvrpret at im procc'dtui-s performed by hiumaii seis moloý,,i-i: i and by the designed automnatic systein.
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simplest suhpat terns selected, (zal Lod "Pattern1 prim it.ives" Sh ould I, 111ouchca'

to iecog~nise than thle patternsi themselvecs.

(if a set of paittern pr-imitives and their counpos~ition ojpciations, k cal kI "Ipatte eve

(lescrifpti(.)1 language''. Tle rules 0goVCIiuIii- tile. ((ll11[lOSjItOjl oIf )mive

patrsac usuIally specified byý the SO calleCd 'grammar1111" Of the p)AtCI der deiptic

ul ",)u apc(

Af [,I clich p Jilllitive wvithinl tile lplttelI1 is; Helitilfied t le Irucooglit illn pI o0(035

arCoC)lnplisllcd by peifrtincng a synltax anlalysis ýptirsiiig) of tile patteili to lletetliilic

v.hother or iied it is syntactically (orl gralnoimatically) Correct Nvith lespe('t to tIll

spvcilic' I grain iii at. Il ic the al me6u iic, the svtax m alysis also p10110c a it ,;I,[ i

(lrscliplt ioll of t Ile iliplit hmattei i.

I t Ig I C(pi Ium~tc (ir as sle.It t IleI ] tl sIn I f tI III ' I IIt L1 ill tlIm I st :I I I I 11(11

(t et 1 s) -- 5 li

I ( l 1plaslVljP i )I M

serb) I-- bloom

g;rat il Ii I

1) cii it iou 2.1 A phltase-stritetuie gril r'i a foum toi e~.z( 1
y 

1r )•

U is fu .)

eiIiMIUUi hIEIIm iIUfhEi0 ~ I
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ill Which A., and V'7 are the noiituteriioal aOmcl terminal vocabuilaries of (,, respw( -

tjvcl~v. I, is a finlite Set of tranlsciipt~ion rules, called "produictions' , donoted I...,

o -4- 13, where ci andl / are strings overI V (V Vp,0 V T), and with I A i I Ivolv.i I ',ý

at le0ton symbol of' Vi,. S E. l', is the starin symnbol of a sent enc.

So, ili thle exam11ple Sentence a~bove.,

I i~{(senitence), (iiouii phli as) , (Verb prs) ajcie nu)(.

ltic oses, bloom, loxnrlianitly}

11Aiid the 1 )oductiuii sot. P is just' thw set of traniscroption rulejs giv I rei 1iV

dis< l\ivided t lii fi'5l-5tIiC ore gi iiuuiiicuS iii()c Foul t~l, p; aCo~icliig to tin1'

tuims o)F thIn 0odiuctioi,s. Ili type 0t (miliestil icteco) graliuiniirs. titr is li) I (st I it wil

()ii tiio p~im~ictiiois,W wichi iiiokeu it too getieril to bet useful

Ill i1%.1 I (e utx s istive) 0i11.i~i, i j lie o arc r'sý Iiictýlt t1 1 1,0i Illi

Wlueu'e A ( N \P iiu /V C~ V *~(V I -< I/ A--{}

I I~glti;la gs'iiu ixiar,1

ii' 1)imiliictioiis of' type( 3 Oft~uiu oulii(iýt-iLtC) IuiuuiVu Ld th" [",];I

- I w !? i A - > , wlnue A.ý c Vp; aujul u. 1, Vp iý u~t' lil A, ;M ;1 H ,

yu'1'siilhok. Thuis "'; tim flhiiliiiivl u i ii upit sui'tn fiiiIi

S. 1-1. 1 . !j RL'eogriitiori dcvices5

A grauiiii iaas intioduecd- above, e~uu ihe Iegaurdecl as. a finlite specificaltionl of ii, 1:1

guage. ft iiif the Viewpoiint of' generating selitenic(s. An alternaitive way of' sp(!cifyki!,,

MýI
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Fir. 8 2 Ci phca I cl j rcse ilt ioci Of tht' LIAcoSiimli ý(qj (1)

it langulage is ill terims of' the set of'sti ings that al e aceejcted by a cuiltainl I ticogi tit,:

device (at recognitionl viewpoinit), Ilrel-C we jlltrodiuc a sillijple r-ecoginiscer, Called

fill itc-s tate im tollliatoll which i~s iuclvaimt to oum wor-k onl phiase recognition.

I~h!;'li ion 2.?ý A -dtrcnu~)lnt-s Ilt otnilaton l is, a

I) "; ik a Iite Sul of' i I Juu[I sy IIIh luL (al plI killc

Q )ý ;I fillil( sot oif st us,'

() is, a lllapjpillg- oI () x X' into 0.

('1) q,99is the( IniltialI state, i11(1

F~ LC is the set o)f finailstt.

A co)1lclllent, IIItpslum~titiolI for the mahqcjon. 1, *tL

sitioli liluc hoi ill lipdie S.2. liiintelc~ r'ti-1 1c -,1:01111

the Iallt.olllatoll ill ,[5 k,(11 ai ill(I tecii ig lt' 1111,11 5\lim!

thce 211J)Hlt. dciV'IC loves untl step) to tlti' nIII- pjlt I 11 It'. V

Thiiorexn 2.1 Let G he a r-egular- grarlnmar, Own Owl -c' tic

tolilitoll A, that. the languages generlated 1h) c~ all ;dksa- I. pod I" Ii

atutomnaton A.
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8.2.2 Synitactical structure for a scisitlo ramn

Ill chlap~ter 4, a scislillogralxl is recognlised its it setillilice of pIl;Ilsc"( 'o n-in

seimenit's, v-Ihiloe a p~hase is a stru,1cturel enlist Jal ed 1haml it 1uiiiiihl o'i xIllt N.U

thilt it 'ililt" (IF scisilo'graril is basicallly a hill 01itl or\illevI '-h;IjW p ,' , g If-r'lt, VE.I

l[2jreSmI~tS ha,111 it 10('11 ý cub'. The llint~il(Ihi(Ocil tur-t il flits hcn ui~lil fiol

lxottoiii (patternl primlitives) to the top (a comlplete piatteil i ofelog ;till).

I I t I Ie ( I011 I II r t. !(I II of I Ilot' desc 6ipt ini stI n ct I Ire I'( I a seci SlI logIit I Ii , s ix pat t el1 cm i.

itivles have lwuinenscd-1 All (lie. units gelleratedl Lv ail initelligenlt S~egflellt ittiohl pie:-,-

I2 "I.: it. 11[i is t oht lm h se a lv,ollisl w iveie, b c "ln'i il; losu

( ;I1 killit till lii' lilti 5) ~le If' ;L piLas wiLvsiit.

(1 : ;L lilk11 till the iiý'Jlit s;ide ofl a phiini' wm-dl~

""d ill ....

Iliill 1)1 il litit('lt (till he itl'Ilt die l as11 (diV.iit

(I) \Iml'l thei 1111 hc!ni w la is olcu th unit" ;Iii Il re w (, l iei alt o (1 i re' d ii t ' 1'

thi~ll ictit phafit ((fllo 1tect itm vaue if'Itii ;he Philledetee iullicah adeetd \;il( h(i", -I

;i S'! 11( S! he5l :1. 5I ('1. 11 tj10 %10 1; ~lj, ! J



8.1~? Patlerni TrcO~qolhoo tCoJtf(,llq'SIlls zNl Wh ork of pha~se haccrCLIL isIIl 10 1

the current unit is identified ill- U,,, andIC the phiase-flag is tinrned "on" ; otlerv.-i-

4t 1he CUrren1t IunIIit is itdIellti fiedI as

'2) When the phase-flag is on, the CutIenCt 11r1t. will 1.) reCug~iS~d aus:

I if the amplj)itude Of CHItrent uni1t Is gi eater than the amplitud'' of formerum

the formiir unit is UI or U arid rio dnrar ion is coiisistl [it With Ii

if' the1C current amplituide is smaller compared with the futilici one huit great(em

klii Aigiammd 1-ois", mid the ll1i-atioli is eo-onsis-teiit

, if th Icurrein ti 11 mipli t u'le is wiýjthI in1 th amC 111pli tud~e I-Lange o)f 1haelJ nromuirl (1iojs,

1,if' the dura-ittionl o, Hime clurret un1it is niot Consistent. with ("'01

I I;av inI1-g, 1uI tie it te 111 pr imIIIit ives def Ii ned as ah ove , we cmanJ have a relA ,t i vely si Iti ),l

ermi m ariina to (rslesei thme pattueri structtirc.

P.JU : (iUTtIIi PY7(17711107 JOT- (IC~fi1~I

(; -- (I". 'I .11 S, mi orta )

v li' Kmszm/rnmm)is tOw start 1uim1hid.

I 1 f. o A te(I i i t.iim sy Iilhl ms;

(Sc Isrognint) - 1'/i, (Phat),

(Phase) - - U, L jft)
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I

(Phase) -- U, (Right),

(Phase) -* U,, (Seismogra.-),6

(Phase) -4 U,, (Seismogram),b

(Left) -- UI (Left),

(Left) U, U (Right),

(Left) - U,, (Seismogram),

(Left) 14 ,, (Seismogram),

(Right) - U, (Right),
(RigJt) - U,, (Seismogram),

(ýRight) -4 U, (Seismogram),

-.

Note that the previouis identification procedures for pattern primitives are actually

context-sensitive, while the pattern grammar is context-free. The relatively simplc.

context-free grammar can be easily recognised.

8 2.2.S Patern recognition device I *
The pattern described by the previous regular gr iar can be recognised I.v ;i

deterministic finite-state atutomaton A.

A Z ( , Q, 6, qo, F),

where,

E {U6, Uo, U1, U", U., U,"

is the set of input symbols (alphabet); q

0 = qo, qj, q.2, q31

is the set of states; the set of transitions 6 is listed in 'labl, 8.1; qO is the initial

state; ,nd the set for final states F is
j qo, qj, q2, q3}.

The state transition diagram of the automaton A is shown in Figure 8.3.

V[2 _____

0 .. SS
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UaorW

UU

U r

Fig. 8.3. State transition dLiagram of the phase-recognition automaton A.

-MS
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'Fable 8.1. Transitions in the automnatoin A

6 (qo, Ub) = q1r,* (q,), U.) = K

6 (ql, U1) = p q2-5 (q1 - U,.) = q3-49

5 (ql - LT. ) = q"j - (qj. U,,) = qlj*

6 (q2, U1) = q2. - (q2, L/,.) = (13

6 (q2, U.,) = q0 6 ((q2 U,,) = q0-,

6 (q3- Ur-) = q3, 6 (q3.- U,,) = q0.

6 (q.3. U.,) = qO

Note 1: a seismlogramn cani be terininated at any state among the four choices in Q~.

Note 2: the four states in Q actually correspond to the four nonterminals in the grammar

G which is given in the, previous section.

Note 3i: the two pattern primitives, U,, and U,, have the same effect of enlding a phase

in this preliminary ImIIpl ementation, therefore they can be combined into ont

However, thme identification of U,, may help to indicate the onset of anl interferin,

p)hase iii future developments of the system.

syceni as presen'ted i:, 4hpe .1-las been lmthasecln:

line an tormiatomn described above.

8.3 EXPERT SYSTEM TECHNIQUES IN THE WORK OF

EVENT RECOGNITION

Asdecibed in chapter 6, event recognition is a comiplicatedl prolicl(:1wic i

Volves the application of an incomplete domaini of expert knewledge. From the Al

point of v-iewv, the main problems in designing ailaporaeepetmsenaý

(1) how to represent the expert knowledge (incluiding eýxperienjce); (2) hiow to ap)-

ply the ilnordered expert know,,led during the search for a solution. "i'rmowing

what. one knowvs, and knowving when and how to use it", steems to be an important

part of'e~)~l' this is usually termed "meta-knowledge", i.e., knowvledge about

knowledge.
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8.3.1. Representation of e pert knowledge - parameters with

adjustable values

The expert knowledge collected iii the automlatic system developed ill chapter (

includes travel time tables, differential time tables. and expert experienice onl t h'

character of scisniogramis sumimarised in Table- 6.1 - Table GAl.

Somie of the knowledge as obtained from a humian expert is not immediately

suitable for represenitationi i thle comIluter. suIch as the termn "steel) high frequency

phase" (wh~ich is used to describe the appearance of phase PcP). We introdwue

parameters to represent this kind of knowledge. For example, as indicated in Table

G.2, we use an angolle of incidence p~arameter wvith a preliminary uipper boundary valuec

of 1W) to define the terin "steep". Similarlwinrdc eqllC bu aisfo

recliable performance.

c8.3. 2 Knowledge application in the procedure of senismie event.

re cog nit i on

Thle procedulre of kniowledge applicationi is a procedure of reasoniing-. It is a kind of

enin(ile inl an1 expert; system - called an "linerenice erigi11lme in the field of Artificiail

Int~elligence (Al).

NIany expert system shells (software tools whc eptNontutepr Ssem

uethe architect ore of a ruile-basedsstn(seegFod19).wiIcrl-a'

systemis use decision trees to implement their iniference cugineis.

It would be very difficult to apply this kind of architectureL to our present apjpl-

L cation of seismic event interpretation. Because at the present timec, we don't hive

a precise. and complete rule set and the limited domain of knowledge is sutbject to

conitinuous modifications and improvements due to the continuouts dlevelopment of

seismnological expertise with broad-band data. The identification of seismic phiases
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is by no ineaus a trivial exercise. In fact, tmany modern-day seismologists have lit-

tie direct experience in the routine "reading" of seismograins. l've i experience I

seismologists can misidentify arrivals, given the many possibilities. The ISC (Inter-

national Seismological Centre) often reidentifies phases picked by station operatoi, s

who do not have ac,:urate location estimas es,

Since the unknown factors (origin time, distance, depth) are interacting with each
I

other through the exl)ert knowledge in a complicated way and the available expeit

knowledge is limited, using a normal rule-based architecture, the system could be

bogged down in endless searching.

To solve the problem of knowledge application in seismic event interpretation, a-

new technique of "assumption tiree." is proposed in chapter 6. It was inspired from a

typical human research strategy -- making assumptions and then using the inferences

arising from the assumptions. It is an attempt to make an efficient application of a p

limited domain of expert. knowledge while there are a number of interacting unknown

features to be constrained.

In the specific appli al ion of seismic event interpretation, a thiree hevI issitnphiojl 0

tree Ias been tu-d Lo guide the application of expert knowledge.

At the first stage, tHi tree grows out nine branches which represent iine dilfferent

assumptions on the feature of "P-S" pair. Then the knovledg. I1;i-;(, which on h

depends on the "P-S" choice (represented by Table 6.1 and Table (G.2) con hie applied.

The inferred result , a constraint on some other features, is used to rj,,cl the cutrrei t

choice or to constrain choices for later level unknown featmes. 1i, other words, thel

result of the application of knowledge base is used to prevent the tree hour growith,--

to its full size.

Similarly, at the second stage, every surviving node from the first level branches

into four child nodes, each wit.h a differenlt choice of depth. Timi, kiOwledge whichl i

depends on "P-S" choice and depth choice, represented by differential time tables,

can be applied to constrain the distance.

When the distance is known, the knowledge which depends on distance, repre-

(p

S 00. .
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sented by Table 6.1, Table 6.2, and travel time tables, can be applied. And t, i

result of tile knowledge-application is used to measure tile litness of the curr,-ci

SliterUpretation. cM

'The separation of domain knowledge from the inference engine makes it easx i,1

LJupdate the expert knowledge in the future. The entities in the seismological expei

system anid their relationships are illustrated in Figure 8.4.

The domain knowledge is partitioned into six groups: Table 6-1 -'able (-1.

travel time tables and differential time tables, which represent distinctive specialists

(or independent knowledge sources). The application of these knowledge sources is

scheduled by the assumption tree. Solutions are built nlp on a global data struc- 0

tuie, the "ieformnation package, , which represents a type of "blackboard" (whlcni

is a technique in the field of expert system). This particular type of blackboard

- lie information package - has multiple existences during processing. They are

dylnaniic'alIy cr.',.tred and evoiUted wi i.ii t,,u Lit:\, jlile i of Li-v t.sun tion Iree. li,

fact, the assuml)tion tree method combines (lhe blackbload and ' o':isoii iiig schedl --

into alt integral tree structure.

pI '[n ises (or conditions), the assumption tre' method tlin enalbled citicieint kiimvl

edge application ill the complicated problem of seisiiiic Cvenl intlrpretiatioii.

I

8.3.3 A com)lemnentary descriptioll of the assumption three i,1,miethl

The assumption tree is a new automatic reasonlillg met hod wehich is Iprese'nted ill

this thesis. Although proposed for the design of a s.isimiologic;il expert svstct. it i,,

a general approach to an efficient automatic reasoning with hiliiLed domain 'x'
k lowl edcge.

This section gives a generalised description of thel assmnption tree method and

some important design criteria when applying this method. The material presented

may guide to design a new type of expert system shell -- "an assumption tree expert

system shell" - for a wide range of expert-system applications.

i,

S• .__

- S 0 S S S
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:E-
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Fig, 8.4. Entities and their relationships in the seismological expert systemn.
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8.8.3.1 Suitable applications of the assumption? tree mnelhod

Thle application Iprolblerins which fall under the umbrellat of thle. assumption 6i
method have the following common description: given a collection of exp~ert knowi-I

edge and at partial description of ail unknown object, to constrain the choices f,

hie. object. The "partial description" refers to a constraint oil part of the feat ur,

which describe thle. object. Thle expert kw~wledge which is available is a collectieji

o)f 1)rOC((Ltr's 0r rLles, eac of wh~ichi produceus a conlstrainit Onl a subhet of fe-ahill

following from at constraint. on another sub~set of features,

To help later discussions, denote all thle, features Which dlescribe thle object as

T1he iiumibcr of Choices for F, is dlenoted as 71, anld all thle. possible choices for V, call

L', { I, , f..2, f.3 I .... fi.1).

'l'i' st0r110torC Of an1 assumfptionl i [c is t ille Fin liror!C .3. l',vcrv 1e1toil c or. tact.-

C01rr0sJponlds to a specilie level (or. genleration) in the asstilnltioll tree:(. l3raiiclin-

of, the tw [c t a Spccilic level is m~ade according L() the dchccs )I dhc cormsputiohli

1(10 wledge application is oraiii sWed wcrdiiig ho tho levelI inl the ;1s5S11I1lL)i( in ti'

Ml each level, at differenit 'jet of exilert kaiowlcdp,( is iretijwevl. A," nrulet rd froiii w-

toleaves iniFgr 6.3 (Fl" F ,, F2F, ) tile donaini knkowledclg i teiis is dIi vided iw'

Mn group-1s a1CCording,, to tho order tile)- will be apjplied

(SI ) knowledge itemis which only iely oil the choice of Fl,

(5S2 ) r(knowledge items whichl rely onl F, anid F2) -S,

(S3 ) (knowledge itemrs which rely onl F,, 1,, and F3) - S 1 S,

(S,,.) (knowledge itemns which rely onFI, 1"2 , -.. , af~ld PM,) - S1 - S'2 -. ..... - S,,

At the ith level of tile assumption tree, knowledge set S, is applied.

16I
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Every node Uin the Ssump1tion trece carries an informoat ion package (denoted ats

N%]I Icl records tile ci irrelt, Constraints on all featuores:

The reasoning- algorithm egn from the root iiode. The informnat ion packo -,

at the root may Contain a Constraint onl somle of the featuores (wvhiich represcln:ý

individual evidence), and full ranges of choices for thic other features. The mioi

iiode branches into 01l child niodes according to t hr. number of' choice:s for the fit~

level feature F1 , (which is recorded in the information pack-age), and t 1 i ora

p~ackage~ of the root. is copied into every child nodle. Each child nciode has a diferentci

choice for F, (denloted as ft .1) therefore, in its i nfurriat ion p lacLg~c tI conistraint

onl PI is updatedC( With Ihe' only3 Cchice of fl ' Ilienl, every lioh' senrches, inl thIs

knoledg~cIe set S1 for alpplical~e itemis fromn the knowledge b) ise. '[Aie aplplicatioil (d

an it ciii of knowledge. will prothitee nwconstralints onl some1 Other fea1lures,. VW r;I

11ew coinst raint 1,0 the feature P", (eiedas I': wheni 1" n 1i is an enqiptv set.1

contradict ion occurs, and the growth of the current niode is, termlinated; oi'lerwist..

111 toN ol ontait is repl;aced wvith I.,' 1'i . A.\ft-,t 0"' pinedure1- of' tile applicat ill1

o f k 10nowC!Ledgeý, at surViVing nlode coiitiiiucs; to branUch aIccording to the choices 1,1tlot

nixiN level featureC, and the. pro~cedture V.111l Collinl. itCrcurSivel1y Until the curren-01t iiaI'

is rc joctc(( or a leaf of thle assutmpt ion tree ib leached.

S3.2.8.2 V o 1101 0 (11r1qC feCOUTC.es iM Un (I5 CSIrptioni trcc

While applyinig the assrumptioni tree mnethod to at general appl~icatioii oeXp(l~et. syst( cia

designl, a question atises: how to place tti,' m feat tires on diflri,-it levels ill Ilio

LISIIJitOn t--PS hat it w;1iork Ilost efcieit~lvy Y That iwihpruai)

to choose fromn m! possible choices?

Suppose: (1) all the knowledge items, will he used to terminate a curr-ient node.

(2) the order of F',, T? .  .....,T, is chosen as the order from root to leaves iii the

assumption tree,

For an item of knowledge, the earlier it is applied, the mnore efficient it is used.

S~ 0



8.3 Expert systemn techniques in the work of event recoynit on 170

For eXalnjile applicat ion of anl iteml of knlowledgec inl the first geilerat ionl Nvil1 reJCIl

[I'- X TL3 X 71- X .... X 7N,, slint ions (note: V, is tilt 1llunhiber at ChOiCCs for' the(' feat n~

1'), While application of' an item inl the last generation can onl- re~ject one solutioln. A.)

T1hus, the numllber of Choices for every feature shiall be taken into coiisideration. l

fea-ture with mlore Choices m1ighIt better be placed at it lalt.er gn-leration.

Since alli knowledge i tenms compete withi each other for earlici ap)plicationi, Nve sli all

take the order froin thec, earliest gunerat iou to t hc latest while arranging- the featulrtes

o1. thle assmili iiitionl t lee to ach ieve theI(15 best iii tegial eýfhei en c \.

As dlescrib~ed pro ,'ie oly, thw knowledige set wh~ich is applied ait I lie itil level is S

141. the iminhiiil of' ktiowledg.ig: items ini Si he k,, and k, iepresents tihe 11p1 ai liiiiil. ot'

lhe nainber of' knowldgekt itemIIs Whieii COald be app)jlied at Ohe itll generaItion.-

As illit~ioucer above, firstly we shall choose a feature (from1 t1e itt fealtures) farl

liew first general innl. Thew iiumnler of, solutions whinch woold be ('iiilillatevl at tilt, first

!('1elllationi iail he illeasirlmd as

11l14, p T-' o -' I ' ',I I i v lu fm Q t Iwl , i ,I) el I ho I i'dt v I f ch lsm 'aII ) wIt rolc14 .

l'ii till 5O(44idrl iceilrt ioni, Olw actoduiu~ll t1ei of' kilAicL,wI ilg it(elils ;pi Iti 1i.1111

ti~ll wouild ifepeill oil ilmlividuili apiulicattions. Thlis is hcetnoc 01fia, thle first, geniif

at ionl plicaliouls uiiigiit have r(Oft' l S0ili( hi Ulollli CaO t hint fiW seCCOIIl gel~ilert 114

would l1101 grow to full size. However, we can still iise tlt- 11piwl limlit m ui 1 lr k,, 1I

evalhatil( thel( average1 CflhieiCioy. Th'le etficuicicv of th lesccoild geileilit on canl still ]

IllL~ilt asLJX P ... l

(4elerally, the( ciiality3 of't tit.1 ith genlluratial isi giveli by

We call use this quality uieasure to chaos' app~rolpriate featlult15 for all the levels. of'

the asslumption tree from root to leaves.

0S



8.3 Expert system fechruques in the wor-k of vuerit rccogniiit 10

8. 3.']J The choiccs for the "assumption features"

The. featuires which appear as spec:ific: levels in ani assumlpt ion tree"( nialmed "issmlii

tion features", arc rnot limited only to the apparent features whlichi describe th

object.they:all al'so hiclilde some redundlant classif'icat ion features, which could

Sc)I 1ict. i ili greapIý ; tlIy ii pr1 1-ovc thIIe per I-fo miIaniicec o F kn11oweIV.dgc app 1)1 at11 i o I I I e xa IpII

inl the. Previous Seismological interpretation system, the classification (if 'l'-S pair

ni(ICIs iS aI redului~lautt classificat ion which is ia coiutbinlatuon of ý1 dust aioef coust raiol

and two coulstraiuit~s oil lhase-idolitity. \Vheui sonicl Combinationu; of' cous~-1r1uints ('1

(irigillal featulres, fre uliotly appear inl the premise part of' someic knowledgeý iteius.

tOlutN Ilila' siggestA a good choice. of a redcunldanlt classification featilc ore,\Vletle orI

1101 to jinclude, this kinId oif, chojen illto the strlict~uru ofi the itssuilipt~jtni 1.mo cal (hn

(IeCide~l by,ý uIsingý the quality Iticasiure Which is (ccleseihiet aloiv(.

si.'.,5 Th/it'l'ne idCO Hit Othe NSSIMinitIOi t)ree MethOd

Althrorugh 111 iisstlmpt-imi tiVO iii(Aiot 1ih as bucii (lesiuilell wio a part iculitr idu~ 0

appil icat ions, wc call coulip~ar( it. with oIic(Ilo' gemoII;d reaisonling Iulwin os ii a c;I

I erui Iic aiwslt.

lie iltiLOlo uIll!% idea ill thelsl' l5illiptiou treeu uluetio( is to s(lwdhule ;1el~i

cuhigtoi the expe(i~t knlowledge Which is avaitlithict.

Illt IlIe fielId of LiXh)CI s;YSt!Iti, typiclt e!xamlpleýs of t 1we (-waIl-ol uIi'leiaIIiSiIl Iil 111;

Ml~l ;iig, tie "backward chainling'f (or "I iAikwar( i-I em mnim'" ) amol lrwd (TIW;1 Cliilimuum,

(or. lot wardl reasonling ") (see c.g". Jaceksoin, 1991)). ba:1ckward ( hli~llill"'g eltiiih5 takill'

;Icoicliisioui first, Own'I Seeking evidence to Supplort it. Forwam d chuoiininug wvorks inl

the lreverse (hiiec~tiout, liii sYsviiui thies to filid a rille wliosr ( ilc lili'llis;t (rew suilm

istied YIw ilie iutlorimuat~ioil. Ill thle Case of, iuusnfhicient, c"vileiic( ;iti( ijislifficienit x~pert

kiiow~cd~ge Wvhlil( the chloiccs for the solution are mlanly u1sing Othe back-ward Chain-

ing, mlethodI the rciasonmiig procedure lmay nlever turnuilatce; while usingp the! forward

chaining the reasoninilg hirliceduic imuipglit not, he alble to progrecss to anly solo tioti (due

to insufficient evidIence).
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8.3 Expert system tcchniqucs in the worek of event r-ccognitimi 172

Inl contrast, inl the assumption trec Mnethod, thU esoigprcdC is Chalilu

ncither from evidencec to sohnt~ioii iier. thle ether. way aroun11d, it is di meted illit pl

deccided ordeur wh~ich has taken intoc consideration tire distribution of' knowledg-e %ý i i i

thle featur-es (its described. inl section 8.3.3.3). The new idea is to f'ollow fr~oi "whatl

one knlows'' to decide "whenl and ho1w to use it'". Ill this way, thle ;Issulipi iell 1!r

Method c uld apply knowledge 1inure efficiently inl the case ef inrsuI~iieiet. knowi

edge uld evidenice, and tile revasonling pJoreculure Is guaraniteed to ternnnirmate ill one I

(1 ( 1111 t ue
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